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Abstract 
The growing need to curb greenhouse gas emissions has made low-temperature proton exchange 
membrane fuel cells (PEMFCs) more attractive for automotive application. One of the major problems 
facing PEMFCs is the sluggish kinetics of the oxygen reduction reaction (ORR). To further enable 
wide-scale commercialisation of PEMFCs for automotive applications, major improvements in the 
ORR catalyst are therefore needed.  
An in depth understanding of the ORR mechanism over Pt surfaces can enable rational approaches in 
the search for more active ORR catalysts. The ORR occurs over multi-faceted Pt nanoparticles which 
predominantly expose Pt{111} and Pt{100} facets. Most studies have modelled the overall ORR 
activity over multi-faceted surface assuming that the Pt{111} and Pt{100} facets are kinetically 
isolated. 
Density functional theory (DFT) studies have shown that Pt(111) surfaces can efficiently facilitate 
OH* hydrogenation to H2O* but not the hydrogenation of O* to OH*, whereas Pt(100) surfaces can 
facilitate O* hydrogenation to OH* better than OH* hydrogenation to H2O*. If O* intermediates can 
readily diffuse from Pt{111} to Pt{100} facets and OH* from Pt{100} to Pt{111} facets, the ORR 
activity on Pt{111} and Pt{100} facets of multi-faceted surfaces may no longer be limited by O* and 
OH* hydrogenation steps, respectively. 
This study uses DFT and microkinetic models to investigate the nature of inter-facet cooperation and 
how it influences the ORR activity under dry conditions, i.e. catalyst surface exposed to a gas mixture 
of 33% O2 and 67% H2 at 1 bar. Under these conditions, it is assumed that the Langmuir-Hinshelwood 
kinetics are dominant.  
Using DFT, the adsorption, diffusion and reaction energetics of various reaction intermediates and 
reaction steps were calculated. The Pt{111} and Pt{100} facets were modelled as Pt(111)-p(3x3) and 
Pt(100)-p(3x3) slabs, respectively. The edge was modelled using a rhombic nanowire model with 
alternating Pt{111} and Pt{100} facets. Edge sites were found to adsorb oxygen containing species 
strongly. Consequently, the diffusion barriers of O* and OH* from edge sites towards terrace sites 
were much higher than the diffusion on the terraces and even higher than the activation barrier for 
reaction in the ORR. Replacing the edge Pt atoms with Au and Ag atoms weakens the adsorption of 
both O* and OH* on edge sites.  
Microkinetic analyses of ORR requires the inclusion of lateral interactions, since otherwise a full 
coverage of the surface with O* is predicted. Higher ORR rates are obtained on Pt(100) surfaces and 
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Pt{100} facets than on Pt(111) surfaces and Pt{111} facets. The ORR activity on Pt(111) and Pt(100) 
is limited by O* hydrogenation at T < 480 K and O2* dissociation at high temperatures. The ORR 
pathway varies greatly over these surfaces. On Pt(111), the ORR follows a peroxyl pathway at 
T < 500 K and a dissociative pathway at T > 700 K. On Pt(100) surface H2O* is formed via O* 
hydrogenation to OH* followed by 2OH* coupling to H2O* and O*. The ORR activity on multi-
faceted Pt surfaces was shown to be dependent on the ratio of edge sites to Pt{111} sites 
Modelling the inter-facet exchange of ORR intermediates based on data generated using Au and Ag 
modified nanowires could improve inter-facet cooperation. The most interesting case was Ag modified 
systems where inter-facet exchange of OH* occurs at temperatures as low as 360 K. On these systems, 
the ORR pathway on Pt{111} involves OH* diffusion from edge followed by OH* hydrogenation to 
H2O*. No O2 adsorbs on the Pt{111} facet. Edge modification has the ability to selectively enable 
inter-facet exchange of some reaction intermediates whilst inhibiting others. Therefore, it should be 
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1.1  Background 
Mitigation of anthropogenic greenhouse gas (GHG) emission remains one of the most pressing 
challenges facing today’s world; its link to global warming threatens the sustainability of human 
civilization [1]. About 78% of all GHG emissions is due to CO2 from fossil fuel combustion and other 
industrial processes [1]. Utilisation of renewable energy resources can help reduce GHG emissions, 
particularly from energy related applications. The hydrogen economy, in particular, envisages a future 
where among other developments, transportation systems are supported by hydrogen fuel cell 
technology—utilising renewable energy to generate and distribute hydrogen [2]. In this way the 
hydrogen economy will be sustainable and environmentally benign. 
Currently, the transportation industry is heavily dependent on fossil fuels; a wide-scale 
commercialisation of proton exchange membrane fuel cell (PEMFC) technology can help to reduce 
anthropogenic CO2 emissions from this sector [1,2]. This may further be enabled by the higher 
theoretical fuel utilisation efficiency than heat engines at practical temperatures [3,4]. The present 
challenge is that in practice theoretical efficiencies are not achieved—partly due to (i) ohmic resistance 
affecting proton and electron conduction, (ii) mass transport limitation affecting reactant availability 
at the catalyst surface and (iii) reaction activation losses [3,5,6]. This lowering in efficiency is observed 
as a decrease in cell voltage with increasing current drawn from a PEMFC. Reaction activation losses 
are primarily due to slow oxygen reduction reaction (ORR) kinetics; under automotive testing 
conditions, the ORR accounts for over two-thirds  of the total voltage drop [5,6]. This voltage drop 
due to ORR activation occurs despite the use of the most ORR active pure metal catalyst, platinum 
[7,8]. Therefore, to achieve higher power outputs per PEMFC at a given cell voltage requires more 
platinum in addition to higher fuel and oxidant feed rates. This among other factors limits the wide-
scale commercialisation of PEMFCs for mobile application. To successfully deploy PEMFCs in the 
automotive industry, improved ORR catalysts are needed. This requires an extensive understanding of 
the ORR process over catalyst surfaces and its various bottlenecks. 
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1.2  Oxygen reduction reaction in PEMFCs 
Proton exchange membrane fuel cells exploit the potential difference between the hydrogen oxidation 
reaction (HOR) at the anode electrode and oxygen reduction reaction (ORR) at the cathode electrode. 
Figure 1.1 presents an illustration of a PEMFC indicating the different electrodes and associated 
reactions. Whilst the HOR is simple and catalysed efficiently by a platinum catalyst, [8] the ORR is 
more complex and can occur via a 4e- transfer reaction resulting in the formation of two H2O 
molecules, 
O2(g, 1 bar) + 4H
+(aq, 1 M) + 4e– → 2H2O(g, 1 bar), ΔE = 1.23 V @ T=298.15 K  1.1 
or a 2e- transfer reaction resulting in the formation of one H2O2 molecule, 
O2(g, 1b bar) + 2H
+(aq, 1 M) + 2e– → H2O2(g. 1 bar), ΔE = 0.624 V @ T=298.15 K  1.2 
H2(g, 1b bar) → 2H
+(aq, 1 M) + 2e– ,    ΔE = 0.000 V @ T=298.15 K  1.3 
where ΔE represents the theoretical potential difference between the HOR (equation 1.3) and ORR 
half reactions at standard conditions [9]. The extent of each of these reactions is dependent on reaction 
conditions and catalyst surface and is associated with high overpotentials even over the most active 
catalyst surfaces [4,8,10]. The anode and cathode electrodes are separated by a proton conducting 
polymer membrane and are connected to each other via an external circuit—protons and electrons 
generated from the HOR are conducted via the polymer membrane and external circuit, respectively. 
Consequently, due to internal resistances associated with electron and proton conduction the measured 
cell voltage deviates from the theoretical voltage [6]. Furthermore, mass transfer limitations, associated 
with the transport of H2/O2 to the catalyst surface at high current densities, result in an additional drop 
in cell voltage [6]. This decrease in cell voltage, also known as polarization loss, is equivalent to a 
decrease in cell efficiency. As stated above, the slow ORR kinetics are responsible for most of the 
losses in cell voltage; at current densities up to 1.5 A.cm-2, over 67% of the measured voltage drop is 
due to the ORR [5,6]. Therefore, it is clear that improvements in ORR catalysis should result in a 
substantial improvement in PEMFC performance. 
In practice, platinum nanoparticles supported on carbon (Pt/C) are used as PEMFC electro-catalysts 
[3,5]. This means that multiple surface regions, which include, terraces, edges and corners are exposed 
[11]. According to the Wulff Construction theorem, [12] equilibrated Pt nanoparticles (NPs) will be 
predominantly enclosed by Pt{111}, Pt{100} and Pt{110} surface terminations—as these terminations 
have the lowest surface energies [11,13–15]. The measured ORR surface area specific activity over 
Pt/C catalysts has been reported to decrease with a decrease in Pt NP size [16,17]. This has been 
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attributed to an increase in the density of edge and corner sites, which are said to be less active than 
terrace sites [16–18]. Mesoporous (with 3D pore structures) and nanowire/nanorod structures have 
also been investigated as catalysts for ORR [18,19]. Their improved ORR activities relative to Pt NPs 
have been attributed to having fewer under-coordinated sites, i.e. steps, edges and corners [18,19]. 
Given the importance of the ORR, it is necessary to understand its mechanism and activity over model 
surfaces in order to elucidate the causes of the above behaviour and to rationally design better catalysts. 
 
Figure 1.1: Schematic illustration of a PEM fuel cell. 
1.3  ORR activity over low-Miller index Pt planes 
1.3.1  Experimental studies 
It has long been known that Pt is the most active pure metal for the ORR catalyst [7,10,16,20]. Early 
model studies utilising rotating disk electrode (RDE) experiments† were able to elucidate that the ORR 
activity over Pt surfaces is structure sensitive [10]. RDE experiments have shown that different Pt(hkl) 
surfaces exhibit different ORR activities and the ORR activity over each surface is strongly influenced 
by electrolyte-surface interactions [10,20–24]. For example, in a nonadsorbing electrolyte such as 
HClO4, the ORR activity increases in the order Pt(100) < Pt(110) ≈ Pt(111) whilst in H2SO4 the activity 
order is somewhat reversed, viz. Pt(111) << Pt(100) < Pt(110) with Pt(110) two orders of magnitude 
more activity than Pt(111) [10,21,23,25]. This structure sensitivity of the ORR activity is related to 
                                                 
† The use of RDE in a three-electrode electrochemical cell has enabled significant progress towards the 
discovery of highly active catalyst materials. Unlike the laborious in-situ catalyst testing stations, which require 
large amounts of catalyst materials for membrane electrode assembly (MEA) fabrication, RDE experiments 
require only a small amount of catalyst material and enables activity measurement in the absence of other factors 
such as mass transport limitation or water flooding [10]. 
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reaction pathways and electrolyte-surface interactions [10,20]. In HClO4, the Pt(111) surface is most 
active whilst the Pt(100) shows the lowest activity. This trend worsens in a KOH electrolyte as the 
strong interaction of OH with Pt(100) surface sites results in poisoning of the surface by adsorbed OH 
species [10]. The latter argument seems reasonable considering that theoretical calculations have also 
shown that over a Pt(100) surface OH removal has the highest activation energy of all reaction steps 
involved in the ORR mechanism [26,27]. Moreover, the same calculations show that OH adsorption 
on Pt(100) bridge sites is ca. 0.55 eV more exothermic than adsorption over Pt(111) sites [26–28]. The 
extremely low ORR activity over the Pt(111) surface in H2SO4 was also rationalised based on a more 
favourable adsorption of SO4
2- and HSO4
- anions over Pt(111) surface compared to the other low-
Miller index surfaces [10]. As result of anion adsorption, catalytic sites on the Pt(111) surface are 
blocked lowering the ORR activity. 
The seminal work of Stamenkovic et al. [22] also showed that the ORR activity over low-Miller index 
surface of Pt3Ni alloy varied in a similar way to Pt surfaces. They reported a segregation of Pt atoms 
to the surface resulting in what they termed Pt3Ni(hkl)-skin surfaces. The activity measurements in 
HClO4 revealed a 10-fold increase in the ORR activity over Pt3Ni(111)-skin surface compared to the 
equivalent Pt(111) surface—consequently, the Pt3Ni(111)-skin surface was argued to result in a 
90-fold activity enhancement compared to state-of-the-art Pt/C catalysts [22]. The activity 
improvement was attributed to the weakening of OH adsorption (compared to Pt(111) surface) and 
consequently an increase in available sites for O2 adsorption. Another interesting result was reported 
by Kondo et al. [23] who found that the ORR activity over low-Miller index surface of Pd increased 
in a completely opposite order to equivalent Pt surfaces under the same testing conditions. They found 
that under HClO4 the Pd(100) surface was the most active low-index surface. This points to a complex 
behaviour of the ORR not only over Pt based surfaces but also other surfaces as well.  
1.3.2  Theoretical studies 
Density functional theory (DFT) methods have also been used to investigate the ORR activity over 
different low-index surfaces. Nørskov et al. [7,29] investigated the ORR activity over Pt(111), Pt(100) 
and Pt(211) surfaces aided by DFT calculations. They proposed a simple kinetic model based on the 
assumption that the ORR activation free energy will at least be equal to the reaction free energy of the 
most endergonic elementary step in a given reaction mechanism/pathway. Using this model, they were 
able generate a volcano curve describing the ORR activity of various metals as a function of the 
binding strength of O and OH intermediates. In this case their model was able explain observed trends 
and the effects of alloying, further suggesting that the optimal ORR catalyst should bind OH ca. 0.1 eV 
weaker than Pt(111) [7]. 
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Other DFT studies have focused on investigating the ORR mechanism over different surfaces (see 
Table 1.1)—mapping the preferred reaction pathway based on relative activation energies of individual 
elementary steps [26–28,30]. Figure 1.2 presents the ORR pathway over different Pt and Pt-skin 
surfaces. Duan and Wang [26] compared the ORR reaction energetics over pure Pt surfaces, i.e. 
Pt(111) and Pt(100) slab surfaces, and Ni modified surfaces where Pt atoms of the subsurface layer of 
each Pt slab were replaced with Ni atoms resulting in Pt-skin surfaces, i.e. Pt/Ni(111) and Pt/Ni(100). 
Over unmodified Pt(111) and Pt(100) surfaces the ORR was argued to follow the peroxyl and 
dissociative pathway, respectively as shown in Figure 1.2. Modifying the Pt(111) with Ni results in a 
peroxide pathway with a highest activation energy of 0.15 eV (cf. 0.79 eV for the peroxyl pathway 
over a Pt(111) surface) whilst the modification of Pt(100) with Ni did not change the ORR pathway or 
highest activation energy. Li et al. [27] considered Cu modification instead of Ni and reported that 
over Cu modified Pt(111) the ORR followed a peroxide mechanism with a highest activation energy 
of 0.40 eV whilst the Cu modified Pt(100) surface favoured a dissociative pathway with a slightly 
higher activation energy of 0.85 eV. Moreover, the adsorption strength of O and OH over Pt/M(111), 
where M = Ni, Co, Fe, Cu, was found to be weaker than over Pt(111) surface [26–28]. This result 
together with the Nørskov model [7] is in good agreement with experimental trends [31]. 
Table 1.1: Commonly investigated ORR mechanism over Pt surfaces [26–28,30]. 
Dissociative mechanism Peroxyl mechanism Hydrogen peroxide mechanism 
Adsorption/desorption 
O2 + * → O2* 
H2 + 2* → 2H* 
H2O* → H2O + * 
 
Surface reactions 
O2* + * → 2O* 
O* + *H → OH* + * 
OH* + H* → H2O* + * 
2OH* → H2O* + O* 
 
Adsorption/desorption 
O2 + * → O2* 
H2 + 2* → 2H* 
H2O* → H2O + * 
 
Surface reactions 
O2* + H* → OOH* + * 
OOH* + * → O* + OH* 
O* + H* → OH* + * 
OH* + H* → H2O* + * 
2OH* → H2O* + O* 
Adsorption/desorption 
O2 + * → O2* 
H2 + 2* → 2H* 
H2O* → H2O + * 
H2O2* → H2O2 + * 
Surface reactions 
O2* + H* → OOH* + * 
OOH* + H* → H2O2* + * 
H2O2* + * → 2OH* 
OH* + H* → H2O* 
2OH* → H2O* + O* 
X* and * respectively denote an adsorbed species and an empty surface site 
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Figure 1.2: ORR pathway over unmodified and Ni modified Pt surfaces; activation energies are reported in 
electronvolts for each elementary step (and energetically difficult steps highlighted in red) [26]. 
A brief analysis of the reaction mechanisms (see Figure 1.2) shows that improvement of the ORR 
activity over Pt(111) and Pt(100) surfaces, assuming no change in the reaction pathway, would require 
a decrease in the activation energy of O* and OH* hydrogenation reactions, respectively. Modified 
(111) surfaces are able to improve the ORR activity by enabling the peroxide mechanism which does 
not result in any O* intermediates. Since the generation of OH over (100) surfaces cannot be avoided 
alternative pathways for its removal are of interest. 
1.4  ORR activity over high-Miller index Pt planes 
The ORR activity over single crystal Pt n(111)-(111), Pt n(111)-(100), Pt n(100)-(111) and Pt n(100)-
(110) surfaces has also been investigated using the RDE technique [24,32,33]. These faceted single 
crystals have n atomic rows along the terraces and a single atomic step. In the case of Pt n(111)-(111) 
and Pt n(111)-(100), the ORR activity was found to increase with increasing step density, i.e. 
decreasing n, with a maximum around n = 4 [24,32,33]. Bandarenka et al. [32] argued that the observed 
improvement with increasing step density in Pt n(111)-(111) and Pt n(111)-(100) was due to the 
weakening of the binding energy of ORR intermediates, via a disruption of H-bonding networks, 
relative to Pt(111) surfaces. On the other hand, the ORR activity over Pt n(100)-(111) and Pt n(100)-
(110) surfaces was independent of the step density [24]. This suggests that changing the (100) terrace 
length has no effect on the crucial factors determining the ORR activity over Pt(100) facets. 
Surprisingly, over Pd n(100)-(111) and Pd n(100)-(110) the activity was reported to increase with 
decreasing step density [23]. This inverse behaviour between Pt and Pd surfaces was also noted by 
Kondo et al. [23]. Whilst these studies investigate systems with varying terraces sizes, the step size is  
kept constant. 
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In an earlier study, Komanicky et al. [34,35] prepared (111)-(100) nanofaceted Pt surfaces, with larger 
and alternating {111} and {100} terraces, and compared their ORR activity to that of flat Pt(111) and 
Pt(100) surfaces, under H2SO4 and HClO4 electrolytes. They found that the ORR activity of 
nanofaceted Pt surfaces was higher than a simple weighted average of the ORR activity of Pt(111) and 
Pt(100) surfaces. To rationalize their observation, they suggested a cooperative behaviour of adjacent 
Pt{111} and Pt{100} terraces involving the exchange of adsorbed O2 and OH intermediates between 
the different facets. The same cooperative behaviour was also argued in their follow-up study which 
measured the ORR activity of arrayed cuboctahedral Pt NPs [36]. Unfortunately, this notion was not 
pursued further in later studies. Recent studies still consider the ORR activity of multifaceted surfaces 
simply as a linear combination of activities of constituent facets [15,25,37]. 
1.5  ORR catalyst development 
The development of next-generation Pt-lean and highly active ORR catalysts has seen a lot of success, 
and as a result several review papers have been published on this topic [11,18,20,38–45]. Briefly, the 
different approaches applied are based on a common idea that surfaces which adsorb oxygen 
containing species (OCS*) less strongly than Pt would be closer to the activity optimum [7]. Alloying 
Pt with 3d metals [31,46–48] and lanthanides [49] has confirmed that significant improvements in 
ORR activity can be obtained from the manipulation of the electronic structure of surface sites. In the 
so-called Pt-skin structures, where in a PtM alloy Pt segregates towards the surface forming a Pt 
monolayer, the ligand effect is believed to be responsible for the downward shift in the d-band center 
which occurs simultaneously with the weakening in adsorption strength of OCS* [22,31]. The latter 
weakening as a result of modification with transition metals has been confirmed by several DFT studies 
[26–28]. 
On the other hand, alloying Pt with lanthanides resulted in the contraction of Pt-Pt bond lengths, 
simultaneously weakening the adsorption of H and OH on the catalyst surface [49]. It has been 
constantly argued that the formation of Pt-skin on these alloyed structures not only improves the 
catalytic activity further but also improves the catalyst durability by forming a protective Pt layer 
preventing the leaching of the alloying metal. Therefore, even in these next-generation catalysts, it is 
anticipated that platinum is still the active catalyst surface, albeit with modified electronic properties 
[22,31,49,50]. 
1.6  Aims of this study 
ORR is a critical reaction in PEMFCs, and the improvement of its activity will bring the PEMFCs 
closer to commercialisation. Several studies have investigated the ORR mechanism over various 
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metallic surfaces, particularly over the most active metal surface, Pt and its alloys. The success of these 
studies, both experimental and theoretical, has resulted in a number of improved catalyst concepts and 
explanation of how to obtain further improvements. Despite this progress, very little has been done in 
order to understand the overall ORR activity over multifaceted surfaces. Whilst some experimental 
studies have suggested that there exists a synergistic behaviour between adjacent Pt{111} and Pt{100} 
terraces, most model studies tend to treat these terraces as isolated. 
This study aims to investigate the ORR activity over multifaceted surfaces with adjacent Pt{111} and 
Pt{100} terraces in order to elucidate their potential cooperative behaviour, and the implications for 
the overall ORR activity and pathway over Pt based multifaceted catalysts. 
Although alloying Pt with other elements seems to give the largest improvements in ORR activity, 
these modified surfaces have been argued to be covered by at least a monolayer of Pt. Therefore, even 
on these surfaces, the understanding of the cooperative behaviour of adjacent surface is still relevant. 
Hypothesis 1 
The cooperative behaviour of adjacent Pt{111} and Pt{100} facets over multi-faceted surfaces will 
improve the ORR activity by facilitating the inter-facet exchange of O* (Pt{111} → Pt{100}) and 
OH* (Pt{100} → Pt{111}). This exchange enables an alternative pathway for the rate-limiting O* and 
OH* hydrogenation steps over Pt(111) and Pt(100) surfaces, respectively. Despite strong adsorption 
of both O* and OH* over edge sites, the repulsive lateral interactions will improve inter-facet diffusion 
by weakening the differential adsorption strength of O*/OH* on a covered edge. 
Key questions 
• How mobile are O*, OH* and other ORR intermediates over Pt(111), Pt(100) and edge sites? 
• Is there significant diffusion of O* and OH* between Pt{111} and Pt{100} over multi-faceted 
surfaces? 
• What is the ORR mechanism over Pt{111} and Pt{100} facets on a multi-faceted Pt surface? 
• How does the inter-facet connectivity of the Pt{111} and Pt{100} facet influence their intrinsic 
ORR activities compared to isolated Pt(111) and Pt(100) surfaces? 
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Hypothesis 2 
Modification of Pt nanowires (NW) edge sites with Au and Ag will improve the inter-facet cooperation 
between adjacent Pt{111} and Pt{100} terraces since both O* and OH* interact weakly with Au and 
Ag surfaces [29,30]—as a result the potential energy surface for diffusion over the edge will flatten 
enabling faster diffusion properties. 
Key questions 
• What are the diffusion barriers of ORR intermediates over Au and Ag modified Pt NW 
surfaces? 
• Is the ORR activity higher as a result of edge modification with Au and Ag? 
• What is the ORR mechanism over modified multifaceted Pt surfaces? How does it compare to 
unmodified multifaceted surfaces? 
1.7  Project scope 
The above hypotheses are investigated using first principles methods in order to gain further 
mechanistic understanding of the ORR over multi-faceted surfaces. The ORR is a very complex 
process involving multiple reaction events some of which involve charge transfer. This complexity 
makes it very difficult to accurately model the ORR process completely from first principles—albeit 
various improvements in the recent years. Both the electrolyte and electrode potential effects are 
complex aspects of the electrochemical reduction of oxygen. In addition to these phenomena there are 
also difficulties associated with accounting for intermediate interactions on the surface. 
This PhD study acknowledges the above complexity of the ORR process under potential bias and 
consider a relatively simple system as a proxy for the more complex picture. The considered system 
involves the ORR at the gas/solid interface. This simple model is then used to investigate the inter-facet 
cooperation and its impact on the ORR activity over multifaceted Pt surfaces. The effects of surface 
coverage are incorporated based on different mean-field approaches. Furthermore, avenues for 
improving the ORR activity are discussed—this is centred around the manipulation of inter-facet 
exchange of reaction intermediates on catalyst surfaces bounded by Pt{111} and Pt{100} facets. This 
study may also be used in the future as a basis for extending to include electrolyte and electrode 
potential effects. 
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2.1  Introduction 
The complexity of heterogenous catalytic processes is well known. It includes questions such as the 
nature of the active sites, active intermediate, reaction pathway, etc. Until the development of first 
principles methods, these complex questions had remained relatively elusive to chemists and engineers 
alike. In recent years, density functional theory (DFT) has enabled the development of an atomistic 
view into the complex nature of heterogenous catalytic processes [7,8,27–30]. The application of the 
Sabatier principle together with DFT enabled rapid screening of alloys and prediction of optimum 
catalysts [7,8,29]. Moreover, the study of complex reaction networks is possible through the 
application of DFT together with microkinetic models [51–53]. This Chapter will present a brief 
discussion on DFT and its application (Section 2.2), surface models used to model ORR energetics 
(Section 2.3)  and microkinetic models used to model the ORR activity (Section 2.4). 
2.2  Density functional theory 
In principle, the time-independent Schrödinger equation (TISE) can describe all electronic structure 
properties of a system with an arbitrary number of electrons and nuclei [54]. According to the Born-
Oppenheimer Approximation, the electronic energy of a system of N isolated electrons can be 
described as, 
?̂?𝛹 = 𝐸𝛹                                                                                                                                                     2.1 
where Ψ is the electronic wavefunction, 𝐸 is the total electronic energy and ?̂? is the Hamiltonian of 
the system. 















                                                                                               2.2 
where 𝒓𝑖𝑗 is the distance between electrons 𝑖 and 𝑗, and 𝜈(𝒓𝑖) is the potential of nuclei acting on 
electron 𝑖 at point 𝒓𝑖 and is given by, 




                                                                                                                                       2.3 
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with 𝒓𝑖𝛼 being the distance between electron 𝑖 and the nucleus 𝛼 of charge 𝑍𝛼. The electronic 
wavefunction, 𝛹, depends on 4N variables, i.e. 3N spatial coordinates for each electron and N spin 
coordinates. The total energy (𝑊) is therefore calculated as the sum of electronic energy (𝐸) and the 
nucleus-nucleus repulsion energy. 




                                                                                                              2.4 
Whilst an analytical solution does not exist, except in very simple systems (e.g. hydrogen atom), 
numerical procedures such as the ones implemented in the Hatree-Fock (HF) method enable 
calculation of electronic properties of multi-electron systems. The HF method considers a system of N 
independent electrons in an effective potential due to nuclei and the averaged potential of other 
electrons in the system. This method explicitly treats the exchange energy; however, the only treatment 
of the correlation energy is through the enforcement of the Pauli Exclusion Principle, by the 
construction of the Slater determinantal matrix [55]. 
Building from the Thomas-Fermi model and the more successful X𝛼 method, DFT also replaces the 
4N dimensional wavefunction with a much simpler 3 dimensional electron density function, 𝜌(𝒓) [54–
56]. Whilst the Thomas-Fermi model predicts atoms very well, it also predicts that all molecular bonds 
are unstable [54,57]. The X𝛼 method was more successful in predicting both atoms and solids—and 
has also been used for molecules [55]. In 1964 Hohenberg and Kohn [58] published two theorems 
which founded modern DFT methods. From the first theorem, it follows that there is a functional which 
when operated on the ground state electron density function, 𝜌0(𝒓), gives the total ground state energy 
(𝐸0) for any system with an arbitrary number of interacting particles, 
𝐸0 = 𝐹[𝜌0(𝒓)] = 𝐸𝜐(𝒓)[𝜌0(𝒓)]                                                                                                                2.5 
where 𝐸𝜐(𝒓) is the energy functional which gives the ground state energy when operated on a ground 
state electron density. The second theorem proves that the variational principle applies to the electron 
density, i.e. the density that minimises the energy is the true ground state of the system, 
𝐸𝜐[𝜌𝑡] ≥ 𝐸0                                                                                                                                                  2.6 
where 𝜌𝑡 is a trial density function satisfying the following conditions for any system of 𝑁 electrons, 
∫ 𝜌𝑡(𝒓)𝑑𝒓 = 𝑁  and 𝜌𝑡(𝒓) ≥ 0                                                                                                              2.7 
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Although very powerful in providing an a priori guarantee of the variational principle in DFT, 
Hohenberg and Kohn did not provide how such a functional could be constructed. As a result, present 
DFT methods are based on approximate functionals built on the foundation laid by Kohn and 
Sham [59]. Kohn and Sham [59] considered a reference system of noninteracting electrons (quasi-
electrons), whose ground state electron density function (𝜌𝑟) equals to the ground state electron density 
function of a real system of interacting electrons, in an effective potential. This allowed for the 
partitioning of the electronic energy into terms which can be treated exactly without the use of DFT 
and a relatively smaller term which required a functional [55]. The total ground state electronic energy 
can be written as the sum of kinetic, nucleus-electron attraction potential and electron-electron 
repulsion potential energies as follows, 
𝐸𝑜 = 𝑇[𝜌0(𝒓)] + 𝑉𝑛𝑒[𝜌0(𝒓)] + 𝑉𝑒𝑒[𝜌0(𝒓)]                                                                                           2.8 
where the kinetic energy is given by, 
𝑇[𝜌0(𝒓)] = 𝑇[𝜌0(𝒓)]ref + Δ𝑇[𝜌0(𝒓)]                                                                                                    2.9 
with 𝑇[𝜌0(𝒓)]ref and Δ𝑇[𝜌0(𝒓)] being the kinetic energy of the fictitious reference system of 
quasi-electrons and the deviation of the real electronic kinetic energy from this reference system, 








𝑑𝒓1𝑑𝒓2 + Δ𝑉𝑒𝑒[𝜌0(𝒓)]                                                               2.10 
with the first term being the classical Coulombic repulsion energy and the deviation from this of the 
real electron-electron repulsion energy given by Δ𝑉𝑒𝑒[𝜌0(𝒓)]. 𝜌0(𝒓1) and 𝜌0(𝒓2) represent the density 
volume elements located at position 𝒓1 and 𝒓2 and separated by a distance 𝒓12. For a given external 
potential, 𝜐(𝒓), the second term in equation 2.8 can be calculated as follows, 
𝑉𝑛𝑒[𝜌0(𝒓)] = ∫ 𝜌0(𝒓)𝜐(𝒓)𝑑𝒓                                                                                                               2.11 
Substituting equations 2.9, 2.10 and 2.11 into equation 2.8 gives the total ground state energy (2.12). 






𝑑𝒓1𝑑𝒓2 + Δ𝑉𝑒𝑒[𝜌0(𝒓)]  2.12 
Only the two deviation terms, i.e. Δ𝑇[𝜌0(𝒓)] and Δ𝑉𝑒𝑒[𝜌0(𝒓)] are unknown. Within the Kohn-Sham 
approach the sum of these terms is equivalent to the exchange-correlation energy, 
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𝐸𝑋𝐶[𝜌0(𝒓)] ≡ Δ𝑇[𝜌0(𝒓)] + Δ𝑉𝑒𝑒[𝜌0(𝒓)]                                                                                            2.13 
The Kohn-Sham approach then provides a way to calculate all unknown terms in 2.12 including the 




2|Ψ𝑟⟩                                                                                                              2.14 
where Ψ𝑟 is the ground state wavefunction of a reference system of N quasi-electrons [54]. Ψ𝑟 is 
determined exactly as a Slater determinant of occupied spin orbitals whose elements are calculated as 
products of Kohn-Sham spatial orbitals, 𝜓𝑖
𝐾𝑆, of the reference system and spin function. The Slater-










                                                                                                  2.15 
The Kohn-Sham spatial orbitals can be calculated using basis functions 𝜙, 
𝜓𝑖
𝐾𝑆 = ∑ 𝑐𝑠𝑖𝜙𝑠
𝑚
𝑠=1
                                                                                                                                       2.16 
 
with 𝑚 and 𝑐𝑠𝑖 being the number of basis functions in a set and expansion coefficients. With all the 
terms now known, the only remaining difficulty is the nature of the exchange-correlation energy 
functional (𝐸xc[𝜌(𝒓)]). From the Kohn-Sham equations, the relationship between the exchange-




                                                                                                                                    2.17 
Various functionals have been proposed and developed over the years. The earlier was the so-called 
local density approximation (LDA) which is based on the uniform electron gas approximation of the 
exchange-correlation energy ( xc
unif) [54,57]. The exchange-correlation functional within the LDA 
level of theory is given by, 
𝐸xc
𝐿𝐷𝐴[𝜌(𝒓)] = ∫ 𝜌(𝒓) xc
unif(𝜌(𝒓)) 𝑑𝒓                                                                                                2.18 
Whilst the LDA functional has been able to accurately describe solids and their surfaces, it gives a 
poor prediction of chemical bonds, overestimating the ground state energy and atomisation energy 
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whilst underestimating the lattice parameters [60]. In general, the LDA method has been argued to 
overestimate the correlation energy [61]. The next level of theory is the generalized gradient 
approximation (GGA). Unlike the LDA which only considers the local electron density at a point, 
GGA functionals incorporates non-local effects by approximating the exchange-correlation energy as 
a function of both electron density at a point and its first derivative with respect to spatial coordinates, 
i.e. ∇𝜌(𝒓). A mathematical description of GGA functionals is given by, 
𝐸xc
𝐺𝐺𝐴[𝜌(𝒓)] = ∫ 𝜌(𝒓) xc
GGA(𝜌(𝒓), ∇𝜌(𝒓)) 𝑑𝒓                                                                                   2.19 
where  xc
GGA(𝜌(𝒓), ∇𝜌(𝒓)) is the exchange-correlation energy function per differential volume of an 
electron gas. The GGA functionals predict atomization energies of molecules and adsorption energies 
at surfaces better than the LDA functional [61]. The  most commonly used functionals in computational 
catalysis are the Perdew, Burke and Ernzerhof (PBE) [62], the Perdew-Wang from 1991 (PW91) [63], 
and the revised PBE (RPBE) [64]. The RPBE functional is based on the PBE functional and was 
proposed as a way to improve the atomisation energies of small molecules and their chemisorption on 
metal surfaces [64]. Other more accurate functionals have also been developed, however these also 
come with higher computational costs [65–69]. For computational catalysis applications, the 
improvement seen from the later methods does not justify the associated computational cost 
[60,66,70,71]. Therefore, surface reaction studies are almost exclusively based on the GGA methods. 
Furthermore, recent surface science studies now routinely include van der Waals interactions, which 
are not correctly described by standard local and semi-local exchange-correlation functionals, by 
application of various methods [72,73]. These methods include the DFT-D methods of Grimme 
[74,75], the TS-vdW methods of Tkatchenko and Scheffler [76], the vdW-DF methods proposed by 
Dion et al. [77–79] and the vdW-DF2 methods of Langreth and Lundqvist groups [80]. In general, the 
inclusion of van der Waals interactions leads to stronger adsorption of molecules on metal surfaces 
[72,73]. Moreover, the choice of method for van der Waals correction differs and may be system 
specific [73]. 
2.2.1  Solving Kohn-Sham equations 
The derivation of Kohn-Sham equations is given in detail in Parr and Yang [54]. Briefly, the ground 
state electron density function is given by, 





                                                                                                          2.20 
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where 𝜓𝑖
𝐾𝑆(𝑛) is the Kohn-Sham wavefunction of electron 𝑖 at the nth iteration step. Substituting 2.20 
in 2.12 and differentiating with respect to 𝜓𝑖





𝐾𝑆(1)                                                                                                                      2.21 












𝑑𝒓2 + 𝜐xc(1)]                                                                 2.22 
The solution procedure in Kohn-Sham methods involves solving equations 2.21, 2.20 and 2.17 using 
the self-consistent-field procedure (SCF), akin to the HF approach. The following steps have been 
adapted from Lewars [55]: 
a) Specify nuclei positions and charge 
b) Specify an appropriate basis set {𝜙} 
c) Calculate the initial guess for the ground state electron density function, 𝜌0(1), for an N 
electron system 
d) With 𝜌0(1) calculate 𝜐xc(1) from equation 2.17 and the chosen exchange-correlation 
functional, i.e. LDA (2.18) or GGA (2.19 ) 
e) Using 𝜌0(1) and 𝜐xc(1), solve the wave equation (2.21) 
f) Using the calculated ℎ̂𝐾𝑆 and the specified basis function calculate the Kohn-Sham matrix 
elements (ℎ𝑟𝑠), 
ℎ𝑟𝑠 = ⟨𝜙𝑟|ℎ̂
𝐾𝑆|𝜙𝑠⟩                                                                                                         2.23 
g) Orthogonalize the Kohn-Sham matrix and diagonalize to obtain Kohn-Sham energy levels and 
a matrix of  𝑐𝑠𝑖. The latter is used in equation 2.16 to calculate Kohn-Sham orbitals 
h) Using Kohn-Sham orbitals and equation 2.20, calculate a new estimate of the ground state 
electron density function, 𝜌0(2) 
i) Using 𝜌0(2) and equation 2.12, calculate a new total energy of the system, 𝐸 
j) Repeat steps d) to i) each time checking if the difference between successive 𝐸, i.e. Δ𝐸, is less 
than the desired energy convergence criterion, Δ𝜖. In each repeat a new electron density is used 
in step d) 
Once convergence is achieved, the loop is exited and the ground state energy for a given nuclei 
geometry and charge is obtained. In the case of geometry optimisation calculations, after each SCF 
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cycle the nuclei are moved in the direction of residual forces in an external loop which is repeated until 
residual forces acting on relaxed nuclei are within a specified convergence criterion. 
2.2.2  Application of DFT in the present study 
Modelling setup 
Various computational codes have been developed for solving Kohn-Sham equations. In this study, 
spin-polarized periodic DFT calculations were conducted using the Vienna ab initio Simulation 
Package (VASP) [81–84]. All calculations were performed using the GGA-PBE exchange-correlation 
functional [62] with the projector augmented wave (PAW) method of Blöchl [85,86]. The difference 
in the accuracy between this combination and others was earlier found to be minimal [87]. 
VASP is a plane-wave periodic DFT code; it applies Bloch’s theorem which proves that the 
wavefunctions of a periodic system can be expressed as a product of a plane wave and a function with 
the same periodicity as the system. From Bloch’s theorem the problem of an infinite number of electron 
states is mapped onto a finite number of occupied states at an infinite number of k-points (wave-
vectors) [61,88,89]; the properties of the system can then be obtained to a good approximation by 
replacing integration over an infinite number of k-points with summation over a finite set of k-points 
[88], as motivated by Monkhorst and Pack [90] or Chadi  and Cohen [91]. 
At each wave-vector an infinite basis set of discrete plane-waves is required to describe electronic 
wavefunctions. For chemical processes, which concern mainly valence electrons, only the plane waves 
with lower kinetic energies, below a specified kinetic energy cut-off, are important [88]. The 
computational effort scales with the number of both wave-vectors and plane-waves. Therefore, it is 
important that both k-points and kinetic cut-off energy are optimized to within the desired convergence 
level. 
Geometry optimisation and Vibrational analysis 
In the present study, DFT is applied in (1) geometry optimization, (2) vibrational analysis and (3) 
transition state search calculations. All of these involve multiple electronic structure optimisation steps 
nested in between ionic movements. Self-consistency loops for electronic structure optimisation were 
converged to within 10-5 eV using a  second order Methfessel-Paxton scheme [92] with a smearing 
width of 0.1 eV; total energies were extrapolated to 0 K. Ionic relaxation was based on a conjugate 
gradient method [88] to obtain local minima by moving ions until the residual forces acting on relaxed 
ions were below 0.02 eV/Å. Vibrational analysis calculations apply the finite difference method in 
order to determine the second derivative of the energy function with respect to atomic position (i.e. 
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Hessian matrix). An atomic displacement of 0.02 Å was considered—decreasing this value to 0.015 Å 
did not significantly affect calculated vibrational modes. The above parameters are in accordance with 
previous literature [93–95]. 
Adsorption energy 
The adsorption energy of OxHy (𝐸𝑎𝑑𝑠,𝑂𝑥𝐻𝑦) was calculated from the total energies of adsorbed states 
and gas phase H2O and H2 as follows, 
𝐸𝑎𝑑𝑠,𝑂𝑥𝐻𝑦 = 𝐸𝑠𝑢𝑟𝑓.+𝑂𝑥𝐻𝑦 − 𝐸𝑠𝑢𝑟𝑓. − 𝑥𝐸𝐻2𝑂 + (
2𝑥 − 𝑦
2
) 𝐸𝐻2                                                2.23 
where 𝐸𝑠𝑢𝑟𝑓.+𝑂𝑥𝐻𝑦 , 𝐸𝑠𝑢𝑟𝑓., 𝐸𝐻2𝑂 and 𝐸𝐻2 are total energies of adsorbed adsorbate OxHy, clean surface, 
and gas phase H2O and H2, respectively. All reported adsorption energies in this study do not include 
zero-point energy and thermal corrections. However, these thermodynamic corrections were 
incorporated in all microkinetic models. 
Transition state search 
The climbing image nudged elastic band (CI-NEB) method [96] with four interpolating images 
connected by a spring (with spring constant of 5 eV/Å2) was used to search for transition states between 
two energy minima on the potential energy surface (PES). All band forces were converged to within 
0.05 eV/Å and the located transition state was further optimized to a residual force criterion of 0.02 
eV/Å. The optimized transition state was then verified using vibrational analysis—only one imaginary 
mode in the direction of the band is expected in a true transition state. The activation energy was then 
calculated as the difference between the energy of the optimized transition state and the initial state. 
2.3  Surface Models 
Based on the Wulff construction theorem [12], several studies have argued that model Pt NPs should 
either be cuboctahedral [13,16,25] or truncated octahedral [15,37] in shape. These model shapes are 
predominantly enclosed by Pt{111} and Pt{100} facets (see Figure 2.1). In addition to Pt{111} and 
Pt{100} facets, finite NPs have (111)x(100) and (111)x(111) edges formed at the intersection of 
Pt{111} and Pt{100} facets. Figure 2.1a-c presents the distribution of atoms belonging to different 
surface sites on cuboctahedral, truncated octahedral and hexagonal nanowire models as a function of 
diameter. This change in surface type distribution with particle size has been used to rationalize the 
size dependency of the ORR activity [15–17,25,37]. 
To elucidate the role of inter-facet cooperation on the overall ORR activity over multifaceted Pt 
surfaces, this study models the Pt{111} and Pt{100} facets as Pt(111)-p(3x3) and Pt(100)-p(3x3) slab 
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surfaces, respectively. The edge region formed at the intersection of Pt{111} and Pt{100} facets is 
modelled using a Pt NW model in order to isolate edge effects from corner effects present on Pt NP 
models. 
  
               
Figure 2.1: Averaged distribution of surface atoms on Pt{111}, Pt{100}, corner, (111)x(100) edge (T10) and 
(111)x(111) edge (T11) sites in (a) cuboctahedral and (b) truncated octahedral NP and (c) hexagonal NW 
models. 
2.3.1  Bulk platinum 
Physical properties of the face-centred-cubic platinum bulk have been calculated using DFT methods. 
Figure A1.1 in Appendix A gives a summary of the optimization process for bulk Pt. It was determined 
that a gamma centred Monkhorst-Pack [90] k-point mesh of 14x14x14 (density: 0.018 Å-1) and a 
320 eV cut-off energy were sufficient to converge the energies to within ca. 1 meV/atom. Based on 
the optimized k-point mesh and cut-off energy, a number of single point energy calculations were 
conducted on a conventional unit cell with different lattice parameters. Fitting the Birch-Murnaghan 
equation of state [97] to the total energy vs. lattice parameter (cell volume) data resulted in a lattice 
parameter and bulk modulus of 3.968 Å and 248 GPa, respectively. Both are in reasonable agreement 
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2.3.2  Pt(111) and Pt(100) slab model 
Detailed optimization of Pt(111)-p(2x2) and Pt(100)-p(2x2) was carried out (see ref [87]) which 
preceded the present study. The optimization results are summarized in Appendix A2. The 
Pt(111)-p(2x2) slab was modelled using 6 atomic layers with the top 3 allowed to relax in all geometry 
optimization calculations. All adsorbates were introduced atop the relaxed side of the slab. The bottom 
3 layers were fixed in the bulk optimized Pt structure with Pt-Pt bond distance of 2.806 Å. The vacuum 
gap between periodic slabs was maintained at 12 Å. Use of wider vacuum gaps had a less than 1.0 
meV effect on calculated adsorption energies. Finally, for k-point sampling a 5x5x1 mesh was used—
ensuring a minimum k-point density of 0.041 Å-1, corresponding to 10x10x1, 5x5x1, 4x4x1 and 3x3x1 
k-point grids for he p(1x1), p(2x2), p(3x3) and p(4x4) supercell, respectively. The Pt(100)-p(2x2) slab 
supercell was based on similar parameters with k-point grids of 9x9x1 and 5x5x1 and 4x4x1 for the 
p(1x1), p(2x2) and p(3x3) supercells, respectively. The latter slab also consists of 6 layers with the top 
three relaxed.  Both Pt(111) and Pt(100) slabs were oriented such that the surface plane lies on the xy 
plane and the dipole correction along the z-axis was applied in all energy calculations. The unit cells 
used in specific calculations in this thesis will be stated in the relevant sections. 
The convergence of the calculated energies as a function of the slab thickness showed the following 
behaviour, as demonstrated in Appendix A2: 
• The adsorption energy of O on Pt(111) and Pt(100) surfaces continued to fluctuate (±40 meV 
variance) even up to very thick slab. Similar fluctuations have also been reported in the 
literature [101]. 
• The total energy of the clean slabs, fixed and partially relaxed, fluctuated with a periodic 
amplitude of ca. 50 meV/atom between 4 and 12 layers. Slabs with O adsorbed had slightly 
lower amplitudes, as a result within this thickness range large fluctuations in the adsorption 
energy of O were seen [87]. 
• An increase in the k-point sampling density along the xy plane lowered the fluctuation 
amplitude of clean slabs; however, at a great computational cost. 
Considering the above, 6 layered slabs were used acknowledging that similar calculations based on 
differently sized slabs/models  may correspond within ±40 meV to calculations in the present study. 
The p(3x3) and p(4x4) supercell slabs were based on the same optimized parameters as p(2x2) however 
with appropriately adjusted k-point grids. A cut-off energy of 400 eV was found to give sufficiently 
converged adsorption energies of oxygen on Pt surfaces. Increasing the cut-off energy further changed 
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the oxygen adsorption energy by less than 10 meV. Figure 2.2 shows the optimized Pt(111)-p(3x3) 
and Pt(100)-p(3x3) surface models and the various adsorption sites present. 
  
Figure 2.2: Surface models, a) Pt(111)-p(3x3) showing all 4 high symmetry sites, viz. f(1), h(1), t(1) and b(1) 
representing fcc, hcp, top and bridge sites, respectively, b) Pt(100)-p(3x3) showing 4 high symmetry sites, viz. 
b(0), t(0) and h(0) representing bridge, top and 4-fold-hollow sites, respectively. Pt atoms are represented as 
spheres, small (larger) for fixed (relaxed) atoms during geometry optimization and NEB calculations. 
2.3.3  Pt[n(111) x n(100)] edge model 
The intersection edge between Pt{111} and Pt{100} facets can be modelled using a NP model 
(cuboctahedron or truncated octahedron) or a NW model. Unlike NP models, NW models isolate the 
edge effect from corner effects. The simplest and probably most stable NW model for fcc metals is the 
hexagonal NW. An ideal hexagonal Pt NW grown along the [101] direction exposes 4x Pt{111} facets, 
2x{100} facets and two types of edge boundaries, viz. (111)x(100) and (111)x(111). From this NW 
model it is possible to imagine further reductions giving the desired (111)x(100) edge region formed 
at the intersection of a Pt{111} and Pt{100} facet. Figure 2.3 gives this illustration using a plane 
hexagon to show various cuts leading to square, triangular and rhombic geometries. It is clear from 
this figure that the reduced geometries correspond to at least 50% reduction in atoms needed to model 
an edge bounded by terraces/facets of a given width. It is also clear that the only reduction useful in 
the present study is the rhombic shaped cut. The latter has an appropriate intersection angle between 
Pt{111} and Pt{100} facets, unlike the square and triangular cuts (see Figure 2.3).  
The adsorption energy of O* and OH* over edge and terrace sites was used to assess the convergence 
of calculated energies as a function of NW diameter. Symmetric hexagonal NW models with two 
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belonging to any two neighbouring periodic images were probed with O* and OH* on edge-bridge, 
central terrace fcc-Pt{111} and bridge-Pt{100} sites. A k-point grid of 1x5x1, based on the converged 
k-point sampling for slab models, was used. All Pt atoms and adsorbates were allowed to fully relax 
during geometry optimization calculations. Figure 2.4 presents an illustration of the differently sized 
NWs and the corresponding convergence results. The adsorption energy of O* and OH* on edge-
bridge sites converges more rapidly with NW size than for adsorption on central terrace sites. It is clear 
that after 6wt the adsorption energy of both O and OH only changes by a small amount. 
 
Figure 2.3: (a) Possible reductions of a hexagonal  NW in cross-section, (b) Rhombic NW model with n atomic 
rows along each facet; (adapted from [87]). 
Rhombic NW models were introduced (see [87]) and were later used to investigate the inter-facet 
mobility of atomic O under different coverage conditions [95]. Here, these NW models are also 
considered given their ability to significantly reduce the number of atoms required to model a 
(111)x(100) edge. Figure 2.5 shows the rhombic NW model used in this study, including the identified 
near-edge and edge adsorption sites. Figure 2.6 compares the adsorption energy of O* on various sites 
on hexagonal and rhombic NW models. This comparison shows a deviation of ca. 0.07 eV between 
adsorption of O* on different NW shapes. Shown in Figure 2.4b are the different adsorption energies 
of O* on b(e) sites of different models, i.e. NP and NWs. The difference in adsorption energy of O* on 
these different models is again within 0.07 eV. This variation needs to be acknowledged and 
considered when comparing across different surface models. Additional optimisation tests were 
conducted to further ascertain the model variance (see Appendix A3 and [87]).  
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Figure 2.4: (a) axial projection of hexagonal NWs of various sizes, nwt refers to the number of atoms along 
each facet, (b) and (c) adsorption energy of O (ref. ½O2) and OH (ref. H2O-½H2), respectively; over edge-bridge 
(♦), Pt{111} facet (▲) and Pt{100} facet (■) sites; green and red markers correspond to adsorption on a 147 
and 309 atom cuboctahedral NP whilst blue corresponds to adsorption on a rhombic NW model. 
 
Figure 2.5: Rhombic NW model (Pt[5(111)x5(100)]) with edge sites defined as b(e) and t(e) for edge-bridge and 
edge-top sites, respectively. Near-edge sites are defined with a superscript (1e) and (0e) for those sites on the 
{111} and {100} facet, respectively. Pt atoms are represented as spheres, small (larger) for fixed (relaxed) atoms 
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Figure 2.6: Calculated adsorption PES of O over a  rhombic NW model; {fcc} and {bridge} adsorption sites 
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2.4  Microkinetic modelling 
2.4.1  General introduction 
Microkinetic models (MKM) are instrumental in the study of chemical reaction phenomena at fluid-
catalyst interfaces. These models give insight into both the surface state, i.e. coverage, and reaction 
productivity per catalyst sites, i.e. turnover frequency (TOF). Several MKM have been developed and 
applied in the study of reaction kinetics at the catalyst surface [102–106]. In principle, these models 
describe the time evolution of a chemical system and can be derived from the Markovian master 
equation, which itself can be derived from first principles [104,106,107]. 
𝑑𝑃𝜎
𝑑𝑡
= ∑[𝑘𝜎𝛽𝑃𝛽 − 𝑘𝛽𝜎𝑃𝜎]
𝛽
                                                                                                                  2.24 
The Markovian master equation describes the transition of a system from a 𝛽 microscopic 
configuration (state)  to a 𝜎 state; 𝑃𝜎 is the probability of finding a system in a 𝜎 configuration and the 
𝜎 ⇒ 𝛽 transition probability per unit time is given by 𝑘𝛽𝜎. One of the basic principles here is that the 
temporal evolution of the system to a new state depends only on the current state. 
The simplest and probably most common of these models is the single site approximation (SA) [105]. 
The basis assumption in single site approximation models is that reaction intermediates are uniformly 
distributed on the catalyst surface [105,108] and consequently, the probability of finding an 𝑖𝑗 
adsorbate pair is given by, 
 𝑃𝑖𝑗 ≡ 𝜃𝑖𝜃𝑗                                                                                                                                                    2.25 
where the coverage of 𝑖, i.e. 𝜃𝑖, is defined as the number of sites occupied by 𝑖 adsorbates divided by 
the total number of surface sites (occupied and unoccupied). Uniform distribution of adsorbates is 
however only realised in the absence of interactions between adsorbates, which might favour ordering, 
and if surface mobility of adsorbates is sufficiently fast compared to the system TOF [108]. Moreover, 
since the SA model also assume independent sites, the adsorption energy of each adsorbate is constant 
in coverage, 
𝐸𝑎𝑑𝑠,𝑖
𝑆𝐴 (Θ) = 𝐸𝑎𝑑𝑠,𝑖(Θ → 0)                                                                                                                     2.26 
where 𝐸𝑎𝑑𝑠,𝑖(Θ → 0) is the adsorption energy of 𝑖 at a low coverage limit. The most obvious limitation 
of this model is that it ignores lateral interactions and consequently gives a poor description of surface 
topology—leading to an underestimation of the TOF especially when modelling systems with strong 
repulsive lateral interactions and in the low temperature regions [105]. 
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The next simplest and also common model is based on the mean-field theory, the so-called Bragg-
Williams Approximation (BWA) [105,106,109]. This model considers a single site surrounded by a 
mean-field due to a cloud of adsorbates on the surface. By construction, this model also assumes a 
uniform distribution of adsorbates on the surface, ignoring correlation effects [105,106,109,110]. 
Within the BWA model the adsorption energy of any adsorbate 𝑖 is linearly dependent on the surface 
coverage function of other adsorbates and is described by, 
𝐸𝑎𝑑𝑠,𝑖
𝐵𝑊𝐴(Θ) = 𝐸𝑎𝑑𝑠,𝑖(Θ → 0) + ∑ 𝑖𝑗𝜃𝑗
𝑠,𝑗
                                                                                               2.27 
where 𝑖𝑗 is the interaction energy between an 𝑖𝑗 pair of adsorbates and the double summation term is 
over all adsorbate pairs over each considered 𝑠 pair of sites. For example, any site in a square lattice 
has 4 nearest-neighbour (NN) and 4 next-nearest-neighbour (NNN) sites—when treating lateral 
interactions up to the NNN interaction. Hence the double summation in 2.27 will go over all 8 sites 
[105]. Since at moderate coverage, adsorbates may reorder on the surface to minimise/maximise 
repulsive/attractive interactions, the lack of correlational effect in BWA models results in 
underestimation and overestimation of attractive and repulsive lateral interactions, respectively [105]. 
The quasi-chemical approximation (QCA), naturally accounts for correlational effects—and is 
considered an improvement to the BWA [102,105,106]. Correlational effects are incorporated since 
the model explicitly treats an isolated cluster of adsorbates surrounded by a cloud of adsorbates. The 
occupation of these explicitly treated sites is such that the overall repulsive/attractive interactions are 
minimized/maximized. According to the QCA, the adsorption energy of 𝑖 varies with the conditional 
probability that an adsorbate 𝑖  has a 𝑗 neighbour in a given pair of sites, 𝑃(𝑖𝑗|𝑖),  [102,105,111]: 
𝐸𝑎𝑑𝑠,𝑖







                                   2.28 
with 𝑘𝐵 and 𝑇 being the Boltzmann constant and temperature, respectively. The inner sum in the 
second term accounts for correlation energy between different adsorbates occupying a pair of sites and 
the outer sum runs over all explicitly considered pairs of sites with a central site in the clusters—giving 
the overall correlation energy. The conditional probability is calculated from the probability of finding 




, 𝑃𝑖 ≠ 0                                                                                                         2.29 
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𝑃(𝑖|𝑖𝑗)‡ equals unity whilst the probability of finding an adsorbate 𝑖 on the surface, 𝑃𝑖, is equal to the 
coverage of adsorbate 𝑖, i.e. 𝑃𝑖 = 𝜃𝑖. The probability of finding a pair of adsorbates is determined from 
the grand-canonical distribution function for a pair of sites which can either be occupied by any of the 
adsorbates or be vacant. From a simple derivation, the relationship between different adsorbate pairs 
is given by,[103,105] 
𝑃𝑖𝑖𝑃𝑗𝑗
𝑃𝑖𝑗
2 = exp (
2 𝑖𝑗 − 𝑖𝑖 − 𝑗𝑗
𝑘𝐵𝑇
)                                                                                                                2.30 
with the following condition (balance) equations, 
∑ 𝑃𝑖𝑗
𝑖𝑗




= 𝜃𝑖                                                                                                                                                 2.32 
A solution to equations 2.30 – 2.32 can only be calculated numerically for any system with more than 
one adsorbate—this is computed iteratively using the following equations, where the superscript (𝑚) 





2 𝑖𝑗 − 𝑖𝑖 − 𝑗𝑗
𝑘𝐵𝑇










                                                                                                             2.34 
Each 𝑖𝑗  element in the converged matrix solution to the above equations representing the probability 
of finding an 𝑖𝑗 pair of adsorbates at a given condition. Various other models which explicitly treat 
larger clusters, e.g. Kikuchi-approximations, have been shown to be in better agreement with  kinetic 
Monte Carlo (kMC) simulations, but at a moderate cost in computational efficiency [106]. 
Dynamic/kinetic Monte Carlo (DMC/kMC) methods represents the most accurate description of 
chemical processes on catalyst surfaces [104–106]. In principle, these methods solve the Markovian 
master equation (2.24) by Monte Carlo approach [104]. As applied in heterogeneous catalysis, 
                                                 
‡ 𝑃(𝑖|𝑖𝑗) is the probability of finding an 𝑖 occupied site given a pair of sites occupied by 𝑖 and 𝑗 
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DMC/kMC methods consider a 2D array of sites with special properties such as occupancy, type and 
number of neighbours. This so-called lattice-gas model maps the coarse-grained position of reaction 
intermediates—effectively eliminating vibrational transitions which would be more frequent than the 
reaction/diffusion processes of interest in microkinetic modelling. 
Given a lattice-gas (LG) with a specified occupancy state, i.e. 𝝈 = {𝜎1, 𝜎2, … , 𝜎𝑀}, the total energy can 
be calculated adopting a cluster expansion approach [106], 












+ ⋯                                                                                2.35 
where 𝐸0 and 𝐸𝑖 are the energies of a clean LG surface and LG surface with one 𝑖 adsorbate. The 
second term sums over all 𝑀 sites of the LG surface with 𝜎𝑖 being the occupancy value which equals 
1 when a site is occupied by adsorbate 𝑖 and zero for any other index. The third term describes the 
pairwise interaction and runs over all 𝑀 sites. Three-, four- and N-body interactions can also be 
included, however they would require a triple, quadruple and N-tuple summation terms, respectively, 
which are computational expensive [113]. Equation 2.35 together with the Brønsted-Evans-Polanyi 
(BEP) principle, which relates the activation energy to the reaction energy, can describe both the 
coverage dependent reaction and activation energies, given a transition in the LG surface [106,113]. 
With this information DMC/kMC models then solve equation 2.24 using various numerical algorithms 
over large time scales. The most common of these are First Reaction Method (FRM), Random 
Selection Method (RSM) and Variable Step Size Method (VSSM) [104,107,113]. 
2.4.2  Mean-field microkinetic models 
In this study, mean-field microkinetic model refers to both the SA and BWA models. As stated already, 
both SA and BWA models are similar in that they assume uniformly/randomly distributed adsorbates 
leading to the approximation of the probability of finding any pair of adsorbates as described in 2.25. 
Therefore, microkinetic models based on SA and BWA assumptions are represented by the steady 








                                                                                                  2.36 
with: 
𝜃𝑖  – surface coverage of species 𝑖 (fraction of surface sites occupied by species 𝑖) 
𝜈𝑖𝑗  – stoichiometric coefficient of species 𝑖 in reaction 𝑗, chosen as negative for reactants 
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𝑁 – total number of surface species 
𝑟𝑗  – kinetic rate of elementary reaction step 𝑗 
The kinetic reaction rate of each elementary step (𝑟𝑗) can be calculated based on the mass action 
equation, 
𝑟𝑛𝑒𝑡 = 𝑘𝑓𝜃𝐴𝜃𝐵 − 𝑘𝑟𝜃𝐶𝜃∗                                                                                                                        2.37 
for a typical bimolecular reaction, 𝐴∗ + 𝐵∗ ↔ 𝐶∗ + ∗, where the asterisk (*) indicates that a given 
intermediates is adsorbed on a surface (adsorbate-site couple). In equation 2.37, 𝑘𝑓 and 𝑘𝑟 are the 
forward and reverse kinetic rate constants, respectively. For surface reaction, the kinetic rate constants 










)                                                                                                       2.38 
where 𝑞𝑣𝑖𝑏,𝐼𝑆 and 𝑞𝑣𝑖𝑏,𝑇𝑆
‡
 are the vibrational partition functions of the initial and transition states, 
respectively; ℎ is the Planck constant. Only real vibrational modes are used to evaluate 𝑞𝑣𝑖𝑏,𝑇𝑆
‡
. The 
vibrational partition functions include zero-point energy correction. Lastly, 𝐸𝑎,𝑓(Θ) is the coverage 
dependent activation energy for the forward reaction—for the SA model this is independent of 
coverage. The rate constant for the reverse reaction is also calculated using equation 2.38, however, 
with a different activation energy and initial state partition function—the forward and reverse 
activation energies are related to the reaction energy (Δrxn𝐸(Θ)) as follows. 
Δrxn𝐸(Θ) = 𝐸𝑎,𝑓(Θ) − 𝐸𝑎,𝑟(Θ)                                                                                                            2.39 
Adsorption and desorption reactions present a slightly different challenge and their rate constants are 
calculated from collision theory. Given a typical non-dissociative adsorption of 𝐴 over a catalyst 
surface, the net adsorption rate can be calculated as follows, 
𝑟𝑎𝑑𝑠,𝐴 = 𝑘𝑎𝑑𝑠,𝐴𝑝𝐴𝜃∗ − 𝑘𝑑𝑒𝑠,𝐴𝜃𝐴                                                                                                             2.40 
where 𝜃∗ is the fraction of vacant sites on which 𝐴 can adsorb and 𝑝𝐴 is the partial pressure of adsorbate 
𝐴—this is valid for gas phase 𝐴 impingement on a solid surface. The adsorption rate constant 𝑘𝑎𝑑𝑠,𝐴 










)                                                                                   2.41 
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with: 
𝑄𝑖 = 𝑞𝑡𝑟𝑎𝑛𝑠,𝑖𝑞𝑟𝑜𝑡,𝑖𝑞𝑣𝑖𝑏,𝑖  
𝐴𝑠𝑖𝑡𝑒  – area of a single catalytic site, [m
2] 
𝑚𝐴  – mass of an adsorbate A, [kg] 
𝑆0  – initial sticking probability 
The last two parts in equation 2.41 disappear if 𝐴 adsorption does not have an activation barrier. To 
ensure thermodynamic consistency, the kinetic rate constant for the reverse (desorption) reaction is 










                                                                              2.42 
𝑄𝐴 and 𝑄𝐴𝑔𝑎𝑠 is the total non-configurational partition functions of adsorbed and gas phase 𝐴, 
respectively. For the adsorbed state, only the vibrational contributions are considered. 𝛥rxn𝐸(Θ) is 
equivalent to the adsorption energy. 
For dissociative adsorption of 𝐴𝐵, equations 2.40 – 2.42 can be modified as follows, 
𝑟𝑎𝑑𝑠,𝐴𝐵 = 𝑘𝑎𝑑𝑠,𝐴𝐵𝑝𝐴𝐵𝜃∗





















                                                           2.42∗ 
The reaction and activation energies and vibrational modes, necessary to evaluate kinetic rate constants 
for each elementary reaction, can be calculated from DFT data. The coverage dependent reaction and 
activation energies are given by, 
𝛥rxn𝐸𝑖(Θ) = ∑ 𝜈𝑖𝑗𝐸𝑎𝑑𝑠,𝑖(Θ)                                                                                                               2.43 
and, 
𝐸𝑎𝑓,𝑖(Θ) = max(0, 𝛥𝑟𝑥𝑛𝐸(𝛩), 𝐸𝑎𝑓,𝑖(𝛩 → 0) + 𝛼𝑖[𝛥𝑟𝑥𝑛𝐸(𝛩) − 𝛥𝑟𝑥𝑛𝐸(𝛩 → 0)])                   2.44 
2.4  Microkinetic modelling 
 
--( 30 )-- 
where 𝛼𝑖 is the proximity factor describing the relative position of the transition state to the initial and 
final states (such that 0 ≤ 𝛼𝑖 ≤ 1) [114]. Equation 2.44 is based on the BEP principle and the 




                                                                                                                                    2.45 
where the activation energies are calculated at a fixed coverage and 𝛼𝑖 is assumed to be coverage 
independent. Equation 2.45 is consistent with Hammond’s [115] postulate and has also been applied 
in previous studies [116,117].  
In this study equation 2.36 was solved using numerical integration to obtain steady state properties at 
various temperatures. A more detailed description of how this model was constructed and solved in a 
Python programming language is given later and in Appendix D. The solution to QCA models is based 
on equation 2.36 as well; however, instead of assuming uniform adsorbate distribution the kinetic rate 
equations are based on calculated probabilities of finding adsorbate-adsorbate pairs. 
2.4.3  Calculating lateral interactions 
In real systems, co-adsorption of reaction intermediates may result in a net decrease or increase of the 
total system energy, depending on the number, type, position and sometimes orientation of 
co-adsorbed particles on a catalyst surface, relative to the total energy of independent particles 
occupying the same state as the interacting system [105,106,117]. Intuitively, for the ORR reaction, 
stabilisation effects due to the formation of hydrogen bond networks in systems involving certain 
configurations of O2*, O*, OH* and H2O* are anticipated [118,119]. Due to changes in surface 
deformation energy with increasing coverage, certain configurations may also result in stabilisation—
despite the lack of H-bond networks or favourable dipole-dipole interactions [117]. The converse is 
also true, an increase in total energy can arise due to repulsive interactions between closely co-adsorbed 
intermediates, e.g. O* – O *, O2* – O* [95]. 
Whilst a more complete representation of these N-body interactions may be written in a cluster 
expansion form (cf. equation 2.35) with N going up to the total number of particles on the surface, the 
associated computational cost is quite prohibitive. Firstly, much larger unit cells would be required to 
calculate the total energies of the N-body clusters isolated from their periodic images and then once 
they are incorporated, further computational costs are anticipated due to the complexity of the function 
describing the total energy. If kMC simulations are used, this leads to further computational penalties 
as more cluster searches need to be conducted and standard optimization tricks become limited as a 
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single change in lattice state affects the kinetic rate constants of events occurring far from the enabled 
event (i.e. occurred event) [113]. 
This study is therefore limited to pair cluster interactions, i.e. N = 2, applied in all kinetic models, i.e. 
SA, BWA, QCA and kMC. There are two key definitions which underpin how lateral interactions are 
incorporated in mean-field models presented in this study. The first is a site definition—here a full 
monolayer (1.00 ML) coverage corresponds to one adsorbate per surface Pt atom. Therefore, each site 
encloses exactly one Pt atom (see Figure 2.7) and within each site there are multiple high symmetry 
states, e.g. f(1), h(1), t(1) and b(1) on Pt(111) surface. Only one state can be occupied per site. In kMC 
simulations performed here, the simultaneous occupation of multiple adsorption states by multiple 
adsorbates per Pt atom (site definition in Figure 2.7) is possible, however it is accompanied by an 
appropriate energy correction based on pair interactions given in Appendix B. 
 
Figure 2.7: Illustration of high-symmetry adsorption states on (a) Pt(111) and (b) Pt(100) surface—dashed red 
lines mark a single surface site. 
Chapter 3 will show that the key adsorption states are b(1) and b(0) for O2*, f
(1) and b(0) for O*, t(1) and 
b(0) for OH*/H*, b(1) for OOH* and t(1) and t(0) for H2O* on Pt(111) and Pt(100) surfaces. These 
adsorption states are energetically preferred over others. Therefore, the definition of interaction pairs 
is based on this information. Figure 2.8 presents the different neighbouring structures for different 
combinations of adsorption states over the Pt(111) surface. Over the Pt(100) surface only two states 
are preferred, i.e. t(0) for H2O* and b
(0) for all other intermediates. Therefore, the relevant combinations 
are b(0) – b(0), b(0) – t(0) and t(0) – t(0) as illustrated in Figure 2.9. Cluster interaction energies have been 
calculated for each configuration on each surface—the results are presented in Appendix B3 and B4. 
The interaction energy (𝜖𝑖,𝑗) is defined as the deviation from ideal case of non-interacting particles, 
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𝜖𝑖,𝑗 = 𝐸𝑖+𝑗 − (𝐸𝑖
0 + 𝐸𝑗
0) + 𝐸𝑐𝑙𝑒𝑎𝑛 𝑠𝑙𝑎𝑏                                                                                                2.46 
where 𝐸𝑖
0 is the total energy of an independent 𝑖 species, calculated from DFT over a Pt(111)-p(4x4) 
or Pt(100)-p(3x3) surface. 𝐸𝑖+𝑗 is the total energy of species 𝑖 and 𝑗 co-adsorbed on a Pt(111)-p(4x4) 
or Pt(100)-p(3x3) surface. The unnumbered sites in Figures 2.8 and 2.9 have been left out due to the 
absence of stable minima—in the kMC simulations these are given a large repulsive cluster energy, 
> 1.2 eV, to enforce their infeasibility§. In mean-field models, only the first 6 and 8 neighbours over 
the Pt(111) and Pt(100) surfaces are respectively considered. Appendix B3 and B4 present calculated 
interaction energies of various clusters on Pt(111)-p(4x4) and Pt(100)-p(3x3) slab surfaces, 
respectively. These energies will be incorporated in microkinetic analyses presented in Chapters 4 - 6. 
On a Pt(111)-p(3x3) supercell, the pair interaction clusters were found to interact complexly with their 
periodic images. As a result, the p(4x4) supercell was instead used in modelling of pair interactions.  
 
Figure 2.8: Neighbouring sites on Pt(111) surfaces; (a) f(1) - f(1), (b) t(1) - t(1), (c) f(1) - t(1), (d) t(1) - f(1), (e) b(1) - b(1) 
and (f) t(1) - b(1) neighbouring structures; pairs with ‘x’ marked sites are not included in the BWA and QCA 
models. This simplification only affects bridge-top and fcc-top interactions; furthermore, it is valid at moderate 
to low coverages where such crowding is unlikely. 
It is computationally convenient to structure interaction energies between various pairs into shells. 
Over the Pt(111) surface the first 6 neighbours are considered and incorporated into BWA and QCA 
microkinetic models. Tables 2.1 and 2.2 present a summary of pairwise interaction energies between 
a central adsorbate over a Pt(111)-p(4x4) and Pt(100)-p(3x3) surface and its first set of neighbours, 
respectively. It is assumed that all A-B interactions are energetically equivalent to B-A interactions. 
                                                 
§ Introducing a large and repulsive interaction energy for pairs which are found to be unstable (see ‘x’ marked sites in 
Figures 2.8 and 2.9) allows for the model to reduce if not eliminate the occurrence of these states thereby matching 
quantum-chemical calculations which predict these to be unstable/unfavourable. 
a) b) c) 
d) e) f) 
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Figure 2.9: Neighbouring sites on Pt(100) surfaces; (a) t(0) - t(0), (b) b(0) - b(0), (c) b(0) - t(0) and (d) t(0) - b(0) 
neighbouring structures; pairs with ‘x’ marked sites are not included in the BWA and QCA models. This 
simplification only affects bridge-top interactions; furthermore, it is valid at moderate to low coverages where 
such crowding is unlikely. 
Lateral interactions on Pt(111) and Pt(100) 
The BWA and QCA models make use of pair-interaction energies in order to incorporate coverage 
effects. Table 2.1 show different pair interactions on Pt(111)-p(4x4) surface only for the first 6 
neighbours of a central adsorbate as numbered in Figure 2.8. As an example, O*-O* pair interactions 
of the first 6 neighbours are all equal to 0.257 eV. At θO = 1.0 ML, considering only the first 6 
neighbour interactions, the BWA and QCA predicted adsorption energy of O* will be -1.289 eV 
(adsorption energy at low coverage) + 6x 0.257 eV = 0.253 eV. Therefore, θO = 1.0 ML is unlikely 
even at 0 K. The interaction energy between the first 6 H*-H* pairs equals to 0.019 eV; much lower 
compared to O*-O* interactions. Also considering only the first 6 pair interactions at θH = 1.0 ML, the 
adsorption energy of H* equals to -0.530 eV + 6x 0.019 eV = -0.416 eV. Therefore, a 1.0 ML coverage 
of the Pt(111) surface with H* adsorbate is quite likely. 
Although also based on t(1) – t(1) pairs, OH*-OH* interactions are less trivial. Two of the first 6 
neighbours have an interaction energy of -0.221 eV. The attractive interaction is due to hydrogen 
bonding between the O atom of the central OH* and H atom of neighbouring OH* intermediate. The 
central OH* adsorbate can also form an additional hydrogen bonding link with a third OH* neighbour. 
The remaining 3 of the 6 neighbours cannot form hydrogen bonding and these have interaction energies 
of 0.037 eV. At θOH = 1.0 ML, the OH* adsorption energy is ca. 0.855 eV + 3x (-0.221 eV) + 3x 
(0.037 eV) = 0.303 eV. Therefore, high coverage of the Pt(111) with OH* adsorbates is energetically 
more favourable, i.e. 0.855 eV at 1/16 ML vs. 0.303 eV at 1 ML. 
For O2*-O2* interactions, the first two neighbours (see Figure 2.8e) were calculated, however 
consistently converged to different structures. In the BWA and QCA models it was decided to use the 
same interaction energies for these pairs as one calculated for the 3rd – 6th pair, i.e. 0.110 eV. If any of 
the microkinetic simulations predict very high O2* coverages the latter will need to be revised. Using 
a) b) c) d) 
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Figure 2.8 and the data in Appendix B2, the rest of Table 2.1 was populated as outlined for O*-O*, 
H*-H* and O2*-O2*, above. 
Table 2.1: Pairwise interaction energies (in eV) between ORR intermediates adsorbed over a Pt(111)-p(4x4) 
slab surface; energies presented here correspond to the pair structures suggested in Figure 2.8. 
1st neighbour 
 O2* O* H* OH* OOH* H2O* 
O2* 0.110 0.096 0.087 0.060 0.054 0.001 
O* - 0.257 0.043 0.013 0.068 -0.042 
H* - - 0.019 0.015 0.057 0.021 
OH* - - - -0.221 -0.036 -0.048 
OOH* - - - - 0.054 -0.353 
H2O* - - - - - -0.330 
2nd and 3rd neighbours 
O2* 0.110 0.096 0.087 0.060 0.054 0.001 
O* - 0.257 0.043 0.013 0.068 -0.042 
H* - - 0.019 0.015 0.057 0.021 
OH* - - - -0.221 -0.036 -0.048 
OOH* - - - - 0.054 -0.353 
H2O* - - - - - -0.330 
4th, 5th and 6th neighbours 
O2* 0.110 0.096 0.030 0.004 0.054 0.009 
O* - 0.257 0.034 0.052 0.068 0.033 
H* - - 0.019 0.015 0.022 0.021 
OH* - - - 0.037 0.009 0.003 
OOH* - - - - 0.054 0.031 
H2O* - - - - - 0.074 
 
Table 2.2: Pairwise interaction energies (in eV) between ORR intermediates adsorbed over a Pt(100)-p(3x3) 
slab surface; energies presented here correspond to the pair structures suggested in Figure 2.9. 
1st and 2nd neighbours 
 O2* O* H* OH* H2O* 
O2* 0.057 0.057 0.024 0.005 -0.210 
O* - 0.055 0.007 -0.217 -0.306 
H* - - 0.005 0.003 -0.002 
OH* - - - -0.137 -0.175 
H2O* - - - - -0.285 
3rd and 4th neighbours 
O2* 0.980 0.520 0.179 0.472 -0.040 
O* - 0.423 0.154 0.328 0.028 
H* - - 0.013 0.105 -0.016 
OH* - - - 0.334 0.049 
H2O* - - - - 0.049 
5th, 6th, 7th and 8th neighbours 
O2* 0.051 0.058 0.001 0.018 0.000 
O* - 0.082 0.014 0.030 0.000 
H* - - -0.001 0.002 0.000 
OH* - - - 0.025 0.000 
H2O* - - - - 0.000 
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Table 2.2 shows the interaction energies between pairs of ORR intermediates on Pt(100)-p(3x3). This 
table was also populated in the same manner as Table 2.1 above but using data in Appendix B4 and 
the information given in Figure 2.9. In summary, on Pt(111) only the OH*-OH*, OH*-H2O*, 
OOH*-H2O* and H2O*-H2O* nearest-neighbour pairs have appreciable attractive interactions. Other 
interactions are repulsive with the most repulsive involving closely co-adsorbed O* and O2* 
intermediates. On Pt(100) pair interactions with OH* are attractive when hydrogen bonding network 
is formed and repulsive in the absence of H-bond networks. Stronger repulsions occur when 
neighbours share a Pt atom. On both surfaces H* - X*, with X* being any ORR intermediate including 
H*, are repulsive but much weaker than other repulsively interacting pairs. Therefore, θH = 1.0 ML is 
possible on both Pt(111) and Pt(100) surfaces. 
 
 
3.1  Introduction 
 
--( 36 )-- 




3.1  Introduction 
The oxygen reduction reaction (ORR) is structure sensitive [10,20–24,32] and its dominant reaction 
pathway varies on different type of catalyst surfaces [26–28,30]. DFT studies have shown that 
Pt(111) surfaces can efficiently facilitate OH hydrogenation to H2O but not O* hydrogenation to 
OH*. Pt(100) surfaces can efficiently facilitate O* hydrogenation to OH* but not OH* 
hydrogenation to H2O* [26,27]. The ORR mechanism over Pt(111) surface is reported to proceed 
via a peroxyl mechanism where O2* dissociation is preceded by the first proton-electron transfer 
process—the oxygen-oxygen bond then breaks after OOH* formation with a lower activation 
energy [27,28,30]. Conversely, over Pt(100) facets the activation energy for O2* dissociation is 
among the lowest barriers in the ORR mechanism on this surface [26,27]. Consequently, the ORR 
proceeds via a direct dissociation mechanism with two proton-electron transfer steps for O* → 
OH* → H2O*. Considering the differences in reaction pathway it is of interest to understand 
whether any species exchange occurs between Pt{111} and Pt{100} facets on multifaceted catalyst 
surfaces. For such diffusion to occur and be relevant in the kinetic modelling of ORR over 
multifaceted Pt surfaces, intra- and inter-facet diffusion rates of ORR intermediates need to be fast. 
These are determined by the diffusion barriers of each intermediate between its various adsorption 
minima on the potential energy surface. Temperature and surface coverage can also influence intra- 
and inter-facet diffusion rates. 
Therefore, two crucial questions arise from the above, (1) how mobile are ORR intermediates on 
Pt NP surfaces and (2) can ORR intermediates be exchanged between adjacent surfaces. This 
Chapter presents DFT calculations on the study of interaction and mobility of ORR intermediates 
over Pt(111) and Pt(100) surfaces. Rhombic Pt NW models are used to study the diffusion 
energetics of ORR intermediates between Pt{111} and Pt{100} facets in the absence of the effect 
from corner sites (cf. to NP models). 
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3.2  Methods and surface models 
3.2.1  Quantum Chemical Calculations 
Spin-polarized periodic DFT calculations were conducted using the Vienna ab initio Simulation 
Package (VASP) [81,84,120]. All calculations were performed using the Perdew-Burke and 
Ernzerhof (PBE) generalized gradient approximation (GGA) exchange-correlation functional [62] 
with the projector augmented wave (PAW) method [85,86]. In all DFT calculations performed here 
on, the cut-off energy was set to 400 eV. Further computational details were discussed in Chapter 2, 
Subsection 2.2.2. 
3.2.2  Surface models 
Figure 3.1 presents three surface models used to study intra- and inter-facet mobility of ORR 
intermediates over multifaceted Pt surfaces. The Pt{111} and Pt{100} facets, in multifaceted Pt 
surfaces, were modelled as 6-layered Pt(111)-p(4x4)** and Pt(100)-p(3x3) slab supercells, 
respectively. These slab surfaces were cleaved from bulk platinum with an optimised conventional 
lattice parameter of 3.968 Å. In all calculations the k-point density and vacuum gap between surface 
atoms belonging to periodic images was kept less than 0.041 Å-1 and more than 12 Å, respectively. 
More details on the number of relaxed/fixed atomic layers, available sites on the different surface 
models are shown in Figure 3.1. 
 
Figure 3.1: Surface models, a) Pt(111)-p(3x3) showing all 4 high symmetry sites, b) Pt(100)-p(3x3) showing 
all 3 high symmetry sites and c) the Pt[5(111)x5(100)] NW model showing edge and near-edge sites. 
                                                 
** Shown in Figure 3.1 is the Pt(111)-p(3x3) instead of the p(4x4) supercell; both surfaces show the same sites and 
were modelled with similar physical parameters, i.e. thickness and vacuum gap. The p(4x4) supercell was mainly 
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Inter-facet diffusion is modelled over an infinite rhombic NW model with 6 atomic layers beneath 
each facet and 5 atomic rows along each terrace, i.e. Pt[5(111)x5(100)] [95]. The Pt[5(111)x5(100)] 
NW model is periodic along its axial direction, y-axis, and each unit cell consist of two Pt atoms 
along the y-axis. A gamma centred Monkhorst-Pack k-point mesh of 1x5x1 was used in all NW 
calculations. A vacuum gap of at least 12 Å was maintained between periodic NW models. The 
diffusion barriers were calculated from converged and optimized transition states as outlined in 
Subsection 2.2.2. All metal atoms were fixed during vibrational analyses. 
3.3  ORR intermediates over Pt(111) surfaces 
The interaction of ORR intermediates, i.e. O2*, O*, H*, OH, OOH* and H2O*, with Pt(111) surface 
sites is probed over four high-symmetry adsorption sites, i.e. t(1) (atop a Pt atom), b(1) (across two 
Pt atoms over bridge), f(1) (above a face centred cubic, 3-fold site) and h(1) (above a hexagonal close 
pack, 3-fold site)—superscript (1) refers to the (111) facet/surface. The adsorption of these 
intermediates on Pt(111) surfaces has been extensively investigated previously [27,30,121]. 
Figure 3.2 summarises the PES for diffusion of ORR intermediates over the Pt(111)-p(4x4) 
surface; each of these PES diagrams is discussed in the following Subsections. 
3.3.1  O2* adsorption and diffusion 
The adsorption of O2* over Pt(111) surface sites has been reported to occur over b
(1), f(1) and h(1) 
sites with adsorption energies of -0.46 to -0.69 eV/O2 [27,30,121,122] -0.63 eV/O2 [122] 
and -0.45 eV/O2 [122], respectively. Adsorption on t
(1) sites was found to be unstable [87]. These 
three adsorption sites were probed using initial geometries with an O-O bond axis parallel to the 
surface and its centre of mass above the adsorption site symmetry point. Table 3.1 presents the 
adsorption energy of O2* and O* on a Pt(111) surface and their corresponding geometric properties. 
The adsorption of O2* is influenced by surface coverage, at a 1/16 ML coverage O2* adsorbs more 
strongly by 0.08 eV compared to at 1/9 ML coverage and has a slightly longer O–O bond length 
(see Table 3.1). Considering this coverage effect, the calculated adsorption energies are in good 
agreement with other theoretical calculations [121,122]. At 1/16 ML coverage the O–O bond length 
is longer whilst Pt–O bond lengths appear shorter compared to adsorption states at 1/9 ML 
coverage—however the actual differences are quite small (see Table 3.1). The latter may be an 
indication that due to slightly larger relaxation freedom, the Pt(111)-p(4x4) surface is able to pull 
O2* slightly closer. 
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Figure 3.2: Diffusion profiles for (a) O2*, (b) O*, (c) H* and (d) OH* over Pt(111)-p(4x4) surface, plotted 
to scale and relative to the adsorption energy on the first site; the inserts correspond to the optimized 
transition states with the vectors indicating the direction of the imaginary vibrational modes. 
Table 3.1: Adsorption properties of O2* and O* over Pt(111)-p(4x4) sites [Pt(111)-p(3x3)]; adsorption 
energies relative to H2/H2O (see equation 2.23) and values in (brackets) are reported relative to O2(g).
Site: O2* O* 
b(1) f(1) h(1) f(1) h(1) 






















dPt-O [Å] 2x 2.019 
[2x 2.028] 
2.014, 2x 2.157 
[2.022, 2x 2.180] 
2.025, 2.215, 2.200 





Since O2 can collide and impinge on any of the high-symmetry Pt(111) sites, possibly with different 
sticking probabilities, it is interesting to consider intra-facet diffusion of O2* between b
(1), f(1) and 
h(1) sites. This information is also crucial in understanding the propensity of O2* to reorganise on 
the surface. The calculations show that the transition between b(1) and f(1) states is rather facile with 
a diffusion barrier of 0.103 eV (see Figure 3.2a). This barrier is only ca. 0.08 eV lower than that 
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negligible barrier, < 0.01 eV, was calculated for the O2* h
(1) → b(1) diffusion step (see Table B2.1 
in Appendix B), also in agreement with literature considering variations in surface coverages [122]. 
3.3.2  O* adsorption and diffusion 
Atomic oxygen adsorbed on a Pt(111) surface has two local minima, i.e. f(1) and h(1) states. Previous 
calculations have shown that whilst initial geometries with O* above b(1) sites converge to either 
an f(1) or h(1) state, when O* starts directly above a surface Pt atom, i.e. t(1), the converged structure 
has an imaginary vibrational mode—indicating that it is not at a PES minimum [87]. Over a 
Pt(111)-p(4x4) surface, f(1) and h(1) O* adsorption states have Pt–O bond lengths of ca. 2.05 Å and 
adsorption energies of 1.277 eV and 1.693 eV, respectively (see Table 3.1). Over a Pt(111) surface, 
O* can be formed via O2* dissociation, OOH* dissociation, OH* dissociation or OH-OH 
coupling—both f(1) and h(1) adsorption states are likely. NEB calculation were performed to map 
the intra-facet diffusion pathway, i.e. f(1) → h(1), of O* over a Pt(111) surface (see Figure 3.2b). A 
diffusion barrier of 0.597 eV was calculated based on an optimised transition state. This diffusion 
barrier compares well with 0.58 eV [93] and 0.47 – 0.52 eV [123] reported in previous studies. A 
closer look at the transition state reveals why all attempts to probe the b(1) states consistently 
resulted in either an f(1) or h(1) state. The b(1) sites accommodate the transition states for O* diffusion 
between f(1) and h(1) states (see insert on Figure 3.2b). Overall, the low energy states of O* on 
Pt(111) surface are isolated by relatively high energy states limiting the diffusion between f(1) states 
at low temperatures and coverage. However, O* diffusion from h(1) to f(1) only has a 0.182 eV 
barrier; as result all O* intermediates formed over h(1) would easily reorganise. 
3.3.3  H* adsorption and diffusion 
H2 dissociates to two H* intermediates upon adsorption on Pt surfaces.[27,30,53] Over the 
Pt(111)-p(4x4) surface, H* has a local minimum on all four high-symmetry sites. These adsorption 
states are nearly isoenergetic with the largest energy difference being 0.055 eV (see Table 3.2). 
Moreover, adsorption energies at 1/16 ML and 1/9 ML coverages correspond to within 0.02 eV. 
Figure 3.2c presents the diffusion profile of H* along a path joining two t(1) sites. This profile shows 
two peaks corresponding to transition states for diffusion between t(1) and b(1) states—a diffusion 
barrier of 0.108 eV was calculated for this path. Other diffusion pathways, such as t(1) → f(1), 
t(1) → h(1), f(1) → b(1) → h(1), were also investigated (see Table B2.1 in Appendix B). Although 
energy maxima were found, vibrational analyses showed them to be saddle  points, each with two 
imaginary modes, one in the diffusion coordinate and another in a perpendicular direction. The low 
diffusion barriers further suggest that the H* PES over Pt(111) surfaces is rather flat and H* 
intermediates are sufficiently mobile under reaction conditions (see Table B2.1). 
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Table 3.2: Adsorption properties of H* over Pt(111)-p(4x4) sites [Pt(111)-p(3x3)].
Site: f(1) h(1) t(1) b(1) 
Eads [eV] -0.571 [-0.553] -0.516 [-0.505] -0.530 [-0.526] -0.529 [-0.512] 
dPt-H [Å] 1.867 [1.868] 1.866 [1.866/1 1.870] 1.555 [1.555] 1.761 [1.760] 
3.3.4  OH* adsorption and diffusion 
On Pt(111) surfaces OH* adsorbs with two local minima, t(1) and b(1) states. Whilst t(1) states can 
have three unique in-plane rotations, i.e. with H above f(1), b(1) or h(1) site, their adsorption energy 
is unaffected by the direction of the O-H bond axis. Adsorption over a b(1) site on the other hand 
has two microstates, i.e. b(1)a and b(1)b where the O-H bond axis points over an f(1) and h(1) site, 
respectively (see Figure B1.1 in Appendix B1). The energy difference between these b(1) states is 
ca. 0.01 eV (see Table 3.3). Whilst a transition state for OH* rotation above a t(1) site could not be 
located, a transition state for the OH* flip between b(1) states was found and optimized (see first 
maximum in Figure 3.2d). The transition between  b(1) states, i.e. OH* flip, has a barrier of 
0.318 eV, which is more than twice the diffusion barrier between b(1) and t(1) states, 0.150 eV (also 
shown in Figure 3.2d). Given the latter, it stands to reason that the transition between the b(1) states 
may also occur via diffusion to a t(1) state followed by rotation and then diffusion to a new b(1) state, 
particularly at low temperatures. 
Table 3.3: Adsorption properties of OH* over Pt(111)-p(4x4) sites [Pt(111)-p(3x3)]. 
Site: t(1) b(1)a b(1)b 
Eads [eV] 0.855 [0.869] 0.766 [0.827] 0.778 [0.836] 
dO-H [Å] 0.980 [0.981] 0.985 [0.985] 0.983 [0.984] 
dPt-O [Å] 1.980 [1.981] 2x 2.142 [2x 2.149] 2x 2.148 [2x 2.153] 
awith -H over the f(1) site; bwith -H over the h(1) sites 
3.3.5  H2O* adsorption and diffusion 
A water molecule over Pt(111) surface only adsorbs above t(1) sites with a much longer Pt-O bond 
distance than any other intermediate discussed thus far. Above t(1) sites of a Pt(111)-p(4x4), H2O* 
adsorption states have an adsorption energy of -0.252 eV (only ca. 0.03 eV more stable than over 
a Pt(111)-p(3x3) surface). Adsorbed H2O* has a dPt-O of 2.331 Å, dO-H of 0.979 Å and a H-O-H 
bond angle of 105.4° (cf. 104.5° calculated for a free H2O molecule in a vacuum). Attempts to 
calculate the transition state for H2O* rotation failed, showing almost no variation in H2O* 
adsorption energy with rotation about the Pt-O axis. The energy barrier for H2O* diffusion between 
two t(1) states was calculated to be 0.167 eV. 
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3.3.6  OOH* adsorption and diffusion 
Geometry optimisation calculations show that OOH* adsorbs above b(1) sites with its O-OH bond 
axis parallel to the surface plane and the O-H axis pointing above an adjacent b(1) site (see 
Figure B1.2). The adsorption geometry of OOH* with this state has a dO-O, dO-H and dPt-O of 
1.514 Å, 0.990 Å and 2.218/1.991 Å, respectively. The adsorption energy was calculated to be 
3.882 eV and 3.936 eV at 1/16 ML and 1/9 ML coverage, respectively. Other adsorption geometries 
of OOH* were found, however these were much less stable (see Figure B1.2). Given the low OOH* 
dissociation barrier, ca. 0.05 eV from DFT [27,121], OOH* diffusion between b(1) states was not 
investigated further. 
3.4  ORR intermediates over a Pt(100) surface 
The Pt(100) surface has three high symmetry sites; these are, t(0) (atop a Pt atom), b(0) (across two 
Pt atoms) and h(0) (4-fold-hollow)—as on the Pt(111) surface above, the (0) superscripts indicates 
that these are sites on a (100) surface/facet. Over this surface, the ORR can be thought to have only 
five intermediates, namely O2*, O*, H*, OH* and H2O* (due to rapid O2* dissociation, OOH* is 
unlikely to form [26,27]). In both the present study and previous studies [26,27] geometry 
optimisation calculations with an initial OOH* above a b(0) site converged to dissociated products, 
i.e. O* and OH*. The exception to this were mono-dentate states with OOH* attached to either a 
b(0) or t(0) site via an oxygen-end with the -OH head protruding out of plane (see Figure B1.2b). 
The latter states are not discussed further as they are unlikely to play a significant role in the ORR 
process. Figure 3.3 summarises the PES diagrams for the diffusion of ORR intermediates over 
Pt(100)-p(3x3). 
3.4.1  O2*, O* and H* adsorption and diffusion 
Although b(0) and h(0) sites are probed for O2* adsorption, only initial geometries with O2* above a 
b(0) site converged to an undissociated state. This behaviour is in agreement with a previous 
theoretical study which does not report h(0) adsorption states for O2* [27]. According to Duan and 
Wang [26], an h(0) adsorption state for O2* is 0.81 eV higher in energy than a b
(0) state, further 
supporting a position that the h(0) adsorption states are not crucial for ORR analyses in this study. 
Table 3.4 presents a summary of adsorption properties of O2*, O*, H*, OH* and H2O* over 
Pt(100)-p(3x3) surfaces. Compared to adsorption over Pt(111), O2* adsorbs more strongly over the 
b(0) site with an adsorption energy of 3.888 eV (see Table 3.4). Attempts to locate the transition 
state for O2* diffusion between two b
(0) states consistently led to O2* dissociation—a reasonable 
behaviour considering that this would potentially share the same reaction coordinate as the facile 
elementary step of O2* dissociation [26,27]. 
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Figure 3.3: Diffusion profiles for (a) O*, (b) H*, (c) OH* and (d) H2O* over Pt(100)-p(3x3) surface, plotted 
to scale and relative to the adsorption energy on the first site; the inserts correspond to the optimized 
transition states with the vectors indicating the direction of the imaginary vibrational mode. 
Table 3.4: Adsorption properties of O2*, O*, H*, OH* and H2O* over Pt(100)-p(3x3) sites; values in 
(brackets) are relative to gas phase O2 and ½O2, for O2* and O*, respectively.
 Species: O2 O H OH H2O 
Site: b(0) b(0) b(0) t(0) b(0) t(0) t(0) 










dO-H [Å]     0.983 0.980 0.981 
dO-O [Å] 1.363       
dPt-H [Å]   2x 1.752 1.558    
dPt-O [Å] 2x 1.980 2x 1.937   2x 2.098 1.963 2.320 
∠H-O-H [°]       105.26 
Like molecular oxygen, atomic O* preferentially adsorbs above b(0) sites, with an adsorption energy 
of 1.222 eV. Probing O* adsorption above the t(0) and h(0) sites did not lead to any new local minima 
which could be confirmed via vibrational analyses. Therefore, only diffusion between adjacent b(0) 
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relatively flat maximum with a three-fold coordination of O* with Pt atoms at the surface, only 
possible due to large surface reconstruction (see insert pane in Figures 3.3a). Although this 
maximum only has real vibrational modes, its smallest mode points along the diffusion pathway 
and is 21.2 cm-1. The actual transition state for O* diffusion between b(0) states will have a similar 
energy to the former maximum resulting in an estimated diffusion barrier of ca. 0.271 eV. 
Atomic hydrogen has two local minima states, namely b(0) and t(0) as shown in Table 3.4. 
Adsorption over a b(0) site is 0.218 eV more stable than over a t(0) site. Adsorbed H* can transition 
between b(0) and t(0) states with a maximum barrier of 0.221 eV (see Figure 3.3b). Despite similar 
geometries, H* adorbs more strongly over b(0) then over b(1) sites whilst over t(0) its adsorption 
energy is ca. 0.06 eV weaker than above t(1) sites. A direct transition between adjacent b(0) states 
has a similar diffusion barrier of 0.244 eV (see Figure 3.3b). 
3.4.2  OH* and H2O* adsorption and diffusion 
The last two ORR intermediates to be discussed here are OH*, with b(0) and t(0) adsorption states, 
and H2O* which only has t
(0) adsorption states. Various rotational states of OH* above a t(0) site 
seem to be isoenergetic, (a similar behaviour was observed for adsorption on Pt(111) above t(1) 
sites). The adsorption energy of OH* was calculated to be 0.205 eV and 0.753 eV over b(0) and t(0) 
sites, respectively (see Table 3.4). Whilst adsorption atop t(0) sites closely resembles OH* 
adsorption above Pt(111) sites, the b(0) sites are much more strongly binding giving rise to a deeper 
potential energy minimum between two t(0) states. Figure 3.3c shows profiles for both the off-plane 
rotation (OH flip) of the b(0) OH* state, with a barrier of 0.386 eV, and the diffusion from b(0) to 
t(0) states, whose barrier is estimated to be at least equal to the energy difference between the b(0) 
and t(0) states, i.e. 0.548 eV. The latter estimation was made after failure to locate a transition state, 
despite all forces perpendicular to the diffusion path having been converged to within 0.02 eV/Å 
in numerous NEB calculations. It can be argued that the t(0) adsorption state is actually a shallow 
minimum and the transition state for OH* diffusion away for a t(0) site is energetically very close 
to the t(0) minimum. 
H2O* adsorbs above t
(0) sites with an adsorption energy of -0.294 eV at 1/16 ML coverage 
(cf. -0.222 eV over Pt(111)-p(3x3)). Bond lengths and angles of H2O* atop a t
(0) and t(1) sites are 
reasonably similar (see Table 3.4). Despite the latter, H2O* atop a t
(0) site has a maximum when 
rotated about its Pt-O axis, unlike on Pt(111) atop a t(1) site. This is likely due to the open nature of 
a Pt(100) surface compared to the densely packed Pt(111) surface. Figure 3.3d shows a diffusion 
and rotational profile for H2O* above a Pt(100)-p(3x3) surface. From this it can be seen that 
rotation is more facile than diffusion with respective barriers of 0.021 eV and 0.170 eV. 
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3.5  ORR intermediates over Pt NW edge sites 
It has already been shown that the mobility of most ORR intermediates is characterised by 
relatively flat PESs over both Pt(111) and Pt(100) extended surfaces. This mainly correlates with 
small differences in their energy minima. The two exceptions are for O* and OH* diffusion over 
Pt(111) and Pt(100), respectively. On multifaceted Pt NWs/NPs ORR intermediates can also 
diffuse between two adjacent facets. Previous studies implicitly assumed that this inter-facet 
species exchange, i.e. over-edge diffusion, of ORR intermediates is limited by the highly reactive 
edge sites and as such does not significantly influence the overall ORR activity [15,25,29,37]. 
However, detailed analyses of PESs for diffusion near edge sites have not been thoroughly 
investigated for all key species. Only the diffusion of O* has been extensively investigated over 
Pt(211) and step-doubled Pt(211) surfaces [93,124], 55 and 147 atom cuboctahedral nanoparticles 
[125] and rhombic Pt nanowires [95]. The DFT calculated diffusion barriers are in the range 0.4 – 
1.1 eV for edge → {111} facet and ca. 0.6 eV for edge → {100} facet [95,124,125]. The application 
of stepped-surface to represent NP edges is limited by influences of the step-height [93,124]. 
The PES diagram for diffusion of ORR intermediates from the near-edge Pt{111} facet sites toward 
near-edge Pt{100} facet sites via edge sites are presented in Figure 3.4. The rest of this Chapter 
discusses the adsorption and diffusion properties of O2*, O*,  H*, OH* and H2O* over rhombic Pt 
NW surfaces. This information is crucial for the development of more detailed microkinetic models 
to study realistic-multifaceted catalyst surfaces. 
3.5.1  O2* adsorption and diffusion over Pt NW edge 
Over Pt(111) and Pt(100) surfaces, O2* preferentially adsorbs above bridge sites with adsorption 
energies of 4.338 eV and 3.888 eV, respectively. Diffusion of O2* over Pt(111) surface has a very 
low barrier whilst over Pt(100) O2* dissociation is preferred over diffusion. Over Pt NW (near-) 
edge region different adsorption states of O2* have been calculated. Figure 3.5 and Table 3.5 
present an illustration of various O2* adsorption states near-edge sites and the corresponding 
adsorption properties, respectively. Briefly, at edge region O2* has the lowest energy states on b
(e) 
sites, 3.511 eV. Furthermore, O2* adsorbs more strongly over near-edge b
(1e), f(1e) and h(1e) sites on 
the Pt{111} facet compared to extended Pt(111)-p(3x3) surface. On the other hand, O2* adsorption 
over near-edge sites on the Pt{100} facet is slightly weaker than adsorption over extended Pt(100)-
p(3x3) surface. The latter is possibly due to coverage effects (see Table 3.5). Geometrically, the 
O-O bond length seems to be slightly longer for near-edge adsorption states compared to extended 
surface states. Adsorption sites located at edge, near-edge {111} and near-edge {100} terraces are 
herein denoted with superscripts (e), (1e)/(11e) and (0e)/(00e), respectively (see Figure 3.1). 
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Figure 3.4: Diffusion profiles for (a) O2*, (b) O*, (c) H* and (d) OH* over Pt NW edge and near-edge 
sites, plotted to scale and relative to the adsorption energy on a Pt{111} facet site; h(11e) in (b) is the second 
hcp site from the NW edge. 
Table 3.5: Adsorption properties of O2* over edge and near-edge sites of a Pt[5(111)x5(100) NW model; 
values in (brackets) are relative to O2(g). 
Site: b(e) h(1e) b(1e) b(11e) f(1e) b(0e) b(00e) 














dO-O [Å] 1.385 1.440 1.384 1.378 1.409 1.371 1.375 
dPt-O [Å] 2x 1.960 2x 2.128, 2.038 1.995, 2.024 2x 2.004 2.019, 2x 2.178 1.973, 1.980 2x 1.976 
 
The diffusion pathway for O2* from  the edge towards terraces sites was investigated. A transition 
state could be located for diffusion towards the f(1) site. On the other hand, all diffusion pathways 
probed for O2* diffusion towards b
(0e)/b(00e) sites resulted in dissociation of O2* to two O* atoms 
co-adsorbed over adjacent b(0e) sites—a similar behaviour was observed for O2* diffusion over the 
Pt(100)-p(3x3) surface. Figure 3.4a presents a combined profile for O2* diffusion from a b
(e) to f(1e) 
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barrier of 1.013 eV. A dissociation barrier of 0.642 eV was calculated for dissociation of O2* on a 
b(e) site to 2x O* intermediates over neighbouring b(0e) sites. 
   
   
 
 
Figure 3.5: Adsorption state of O2* over edge and near-edge sites of a Pt[5(111)x5(100)] NW model. 
3.5.2  O* adsorption and diffusion over Pt NW edge 
The diffusion of O* over Pt[5(111)x5(100)] NW edge sites has previously been reported [95]. 
Figure 3.4b gives a summary of the PES for O* diffusion. Similar to O2*, the PES for O* inter-
facet diffusion has deep energy minima above b(e) sites at the edge. Figure 3.6 and Table 3.6 
illustrates the adsorption structures of O* at near-edge sites and their corresponding adsorption 
properties, respectively. The adsorption geometry, i.e. Pt-O bond length, for O* adsorption above 
b(e) is similar to adsorption over b(0) sites on Pt(100)-p(3x3). An interesting note for O* (even O2*) 
adsorption over b(e) sites is that the resultant Pt-O-Pt (Pt-O-O-Pt) plane is oblique to both the {111} 
and {100} facet plane. Adsorption of O* above b(00e) sites is also oblique to the {100} surface 
plane, in fact it points slightly towards the edge (see Figure 3.6). The b(e) → f(1e) and b(e) → b(0e) 
diffusion barriers for O* were calculated to be 1.069 eV and 0.626 eV, respectively, in agreement 
with previous studies [95,124,125]. Whilst various starting position of O* over h(1e) near-edge NW 
sites were probed, they all consistently converged to a b(e) adsorbed O* [95]. 
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Table 3.6: Adsorption properties of O* over edge and near-edge sites of a Pt[5(111)x5(100)] NW model. 
values in (brackets) are relative to ½O2(g). 
Site: b(e) f(1e) b(0e) b(00e) 
Eads [eV] 0.906 (-1.660) 1.523 (-1.043) 1.393 (-1.173) 1.297 (-1.269) 




Figure 3.6: Adsorption state of O* over edge and near-edge sites of a Pt[5(111)x5(100)] NW model. 
3.5.3  H* adsorption and diffusion over Pt NW edge 
Adsorption of H* over edge and near-edge sites has been probed over various sites (see Figure 3.7). 
H* diffusion over edge was found to have a flatter PES compared to both O2* and O*—with the 
lowest adsorption states above b(e) sites (see Table 3.7). Adsorption of H* above near-edge sites on 
a {111} facet is up to 0.17 eV weaker than equivalent adsorption on Pt(111)-p(4x4) slab sites. On 
the other hand, H* adsorption over near-edge sites on a {100} facet is comparable, i.e. agrees within 
ca. 0.04 eV, to equivalent adsorption on Pt(100)-p(3x3) slab sites. These differences may be due to 
a number of factors including differences in coverage and local edge influence [95]. Figure 3.4c 
shows a complete PES for the inter-facet diffusion of H* intermediates. The calculated barriers for 
H* diffusion from edge sites towards terraces are 0.376 eV and 0.336 eV, for b(e) → b(11e) and b(e) 
→ b(0e) steps, respectively. The latter diffusion step is found to go via a t(e) state which lies above 
the b(0e) state in energy (see Figure 3.4c). Interestingly, H* adsorbed above a b(e) makes a wider 
angle with the {111} surface normal and closer to the edge than H* above a t(e). 
Table 3.7: Adsorption properties of H* over edge and near-edge sites of a Pt[5(111)x5(100)] NW model. 
Site: b(e) t(e) f(1e) t(1e) b(11e) b(0e) b(00e) t(0e) 
Eads [eV] -0.748 -0.549 -0.400 -0.491 -0.411 -0.624 -0.664 -0.506 
dPt-H [Å] 2x 1.790 1.565 2.013, 2x 1.827 1.553 2x 1.766 1.788, 1.739 2x 1.758 1.561 
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Figure 3.7: Adsorption state of H* over edge and near-edge sites of a Pt[5(111)x5(100)] NW model. 
3.5.4  OH* adsorption and diffusion over Pt NW edge 
The adsorption of OH* over edge and near-edge sites is rather interesting and unique, compared to 
that of O2*, O* and H*. Given that OH* is asymmetric, its orientation might influence its 
adsorption strength. Figure 3.8 presents the different adsorption minima of OH* at edge and 
near-edge sites. The geometric and energetic properties of these adsorption states are given in 
Table 3.8. Briefly, the orientation of the O-H bond for OH* adsorption at edge and near-edge sites 
can change the adsorption energy by up to 0.04 eV. Similar to O2* and O*, the adsorption of OH* 
has the lowest minimum above a b(e) adsorption site (see Figure 3.4d and Table 3.8). The adsorption 
geometry of OH* at near-edge sites is similar to OH* geometry atop equivalent adsorption sites on 
extended surfaces (see Tables 3.3, 3.4 and 3.8). Adsorption over b(e) and t(e) sites form an oblique 
angle with the {111} and {100} surface normal vectors (see Figure 3.8). Geometrically, OH* 
adsorption over b(e) and t(e) sites is more similar to equivalent adsorption over Pt(100) than Pt(111) 
surfaces—although OH* binds closer to the surface and stronger at edge sites than over both 
Pt(111) and Pt(100) sites. This oblique adsorption state may also be responsible for the reported 
disruption in hydrogen-bond network over stepped Pt surfaces. 
Figure 3.4d shows that the highest OH* diffusion barrier corresponds to b(e) → t(1e) diffusion; this 
barrier was calculated to be 0.991 eV and is 0.310 eV higher than the b(e) → b(0e) diffusion barrier. 
As was the case for H* diffusion from b(e) to b(0e), OH* diffusion towards the b(0e) goes via a t(e) 
state. Although not shown in Figure 3.4, the barrier for OH* rotation, i.e. OH* flip from a b(e) state 
with H on the {100} facet to a b(e) state with H on the {111} facet, was calculated. This transition 
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has an energy barrier of 0.309 eV (cf. to 0.318 eV and 0.386 eV for OH* flip over Pt(111) and 
Pt(100) surfaces, respectively). 
   
   
   
  
 
Figure 3.8: Adsorption state of OH* over edge and near-edge sites of a Pt[5(111)x5(100)] NW model. 
Table 3.8: Adsorption properties of OH* over edge and near-edge sites of a Pt[5(111)x5(100)] NW model 
in the same order as structures in Figure 3.8; all values in [brackets] represent adsorption where the O-H 
bond points to the edge. 
Site: b(e) t(e) t(e) t(1e) b(1e) b(11e) b(0e) b(00e) 
Eads [eV] -0.003 
[-0.023] 








dO-H [Å] 0.980 
[0.980] 








dPt-O [Å] 2x 2.104 
[2x 2.098] 










3.5.5  H2O* adsorption and diffusion over Pt NW edge 
The inter-facet diffusion of H2O* is not particularly interesting given that over both Pt(111) and 
Pt(100) surfaces it binds less strongly than all other ORR intermediates (see Sections 3.3 and 3.4). 
Despite this knowledge, some results on the PES for inter-facet diffusion of H2O* are presented 
here. For all edge and near-edge H2O* adsorption states the O-H bond lengths agree within 
0.004 Å. Moreover, these compare well with O-H bond lengths of H2O* over extended surfaces. 
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On the other hand, Pt-O bond lengths vary by up to 0.182 Å with adsorption on {111} near-edge 
sites having the longest bond distance (see Table 3.9). It also appears that the orientation of the 
H2O* adsorbate above t
(e) marginally affects the angle between the Pt-O bond axis and terrace 
normal vectors (see Figure 3.9). 
Despite these geometric differences the adsorption energies of H2O* above t
(e) sites is less affected 
by rotation (see Table 3.9). At t(e) sites H2O* adsorbs ca. 0.17 eV and 0.06 eV more strongly than 
on t(1e) and t(0e), respectively. This results in a relatively shallow PES for inter-facet diffusion of 
H2O* much like H* (cf. O2*, O* and OH*). The calculated diffusion barriers for H2O* t
(e) → t(1e) 
and t(e) → t(0e) transitions are 0.260 eV and 0.227 eV, respectively. 
   
   
Figure 3.9: Adsorption state of H2O* over edge and near-edge sites of a Pt[5(111)x5(100)] NW model. 
Table 3.9: Adsorption properties of H2O* over edge and near-edge sites of a Pt[5(111)x5(100)] NW model, 
in the same order of appearance as structures in Figure 3.9. 
Site: t(e) t(e) t(1e) t(1e) t(0e) t(0e) 
Eads [eV] -0.363 -0.360 -0.140 -0.195 -0.299 -0.275 
dO-H [Å] 0.991, 
0.979 
2x 0.980 2x 0.978 2x 0.980 2x 0981 2x 0.981 
dPt-O [Å] 2.297 2.294 2.513 2.457 2.351 2.339 
∠H-O-H [°] 104.94 105.69 105.10 104.55 104.83 104.96 
3.5.6  Coverage effects on adsorption energy 
Lateral interactions between edge adsorbed reaction intermediates can influence their stability quite 
significantly. Already seen, O*-O* pairs on nearest f(1) and f(1) sites share a surface Pt atom and 
their interaction energy is 0.257 eV (see Appendix B3). On Pt(100) the interaction energy between 
Pt atom sharing O* pair is 0.423 eV (see Appendix B4). Since co-adsorption on edge site resembles 
the latter, equally large interactions are possible. The interaction energy between two nearest 
neighbour O*-O* intermediates on edge sites is 0.455 eV. Between nearest neighbour OH*-OH* 
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and O2*-O2* pairs the repulsive interactions were calculated to be 0.364 eV and 1.060 eV, 
respectively (see Table 5.1 and Figure 5.2). This suggests that with increasing coverage the 
adsorption strength of O2*, O and OH* decreases. It has already been reported how this coverage 
effect affects the inter-facet diffusion of O* on rhombic NW surfaces [95]. 
3.6  Discussion 
The consequence of fast intra-facet diffusion of reaction intermediates on the catalyst performance 
is that at low surface coverages the reaction will occur at relatively faster rates compared to 
slow/immobile reaction intermediates. This is also true in cases where the surface concentration of 
active intermediates is dominated by spectator species. In the latter cases, the probability of finding 
the required pairs of intermediates occupying adjacent sites for a given reaction step is greatly 
lowered, resulting in lower performance. Moreover, depending on the intermediate mobility, 
adsorption structures and islands may form further influencing both the kinetic rate and reaction 
pathway. 
Investigation of the mobility of ORR intermediates over Pt surfaces has demonstrated quite clearly 
that most ORR intermediates are quite mobile over terrace sites. Only O* and OH* were found to 
have substantially higher diffusion barriers, comparable to activation energies of the kinetically 
most limited reaction steps. Figure 3.10 presents an alternative pathway for moving the position of 
OH* intermediates given an O*-OH* co-adsorbed pair cluster. This involves a proton (hydrogen) 
exchange between O* and OH*. Given the relatively high mobility of O* on Pt(100), i.e. diffusion 
barrier of 0.271 eV, and the attractive lateral interaction between O* and OH*, there is a significant 
likelihood of O*-OH* clusters. The activation energy for the hydrogen transfer is 0.063 eV whilst 
the reconfiguration of the new OH* (OH* flip) has a high energy barrier of 0.578 eV because of 
attractive lateral interactions (cf. 0.386 eV for OH flip, -0.217 eV O*-OH* interactions and 
compares well with 0.547 eV for OH* diffusion). The diffusion of O* away from the newly formed 
OH* also has comparable barrier to the latter. Therefore, these alternative pathways will provide a 
complete mechanism for OH* mobility, however with comparable rate constants. A similar 
mechanism does not provide an improved pathway for O* mobility on Pt(111). 
On Pt NW edge sites both O* and OH* together with O2* adsorb strongly and their PES is 
characterized by a deep well at b(e) sties. Due to these deep adsorption minima, the energy barriers 
for diffusion from b(e) sites towards f(1e)/t(1e)/b(0e) sites are higher still. This therefore suggests that 
the implicit assumptions made in many kinetic models investigating ORR activity over model 
nanoparticles [15,25,29,37,126] are justified in the absence of lateral interactions between co-
adsorbed intermediates. 
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Figure 3.10: Alternative OH* mobility pathway on the Pt(100)-p(3x3) surface (energies are normalised to 
the energy of the first image). 
Comparing diffusion barriers over extended surfaces with diffusion barriers from the edge, it is 
noted that the associated transition states may have closely similar energies—and the source of the 
observed difference in the diffusion barrier from edge sites towards terrace sites is the high 
reactivity of the b(e) sites towards adsorbing OCS*. A rational design approach would then involve 
poisoning or modification of these sites; the latter is considered in Chapter 6. 
Under operating conditions the system might also self-adjust due to lateral interactions at high 
coverage conditions [95]. In this case, self-poisoning of edge sites by OCS* intermediates flattens 
the PES for inter-facet diffusion. Figure 3.11 presents simplified PES diagrams for the diffusion of 
various ORR intermediates between the Pt{111} and Pt{100} facets via the edge. As indicated 
above, there is a deep well in these PES diagrams at the edge region (black profile). Considering 
various cases where adsorption occurs over a pre-covered edge (and at close proximity as illustrated 
in Figure 3.11e) the deep well in the PES diminishes because of repulsive interactions between co-
adsorbed intermediates. A detailed analysis of this coverage effect on inter-facet diffusion of O* 
was presented in Ref. [95]. There it was shown that at higher edge coverages the diffusion barriers 
for O* from b(e) towards f(1e) and b(0e) are significantly lowered due to repulsive lateral interaction 
between co-adsorbed O* atoms. This behaviour is anticipated to also affect the PES of other ORR 
intermediates (as shown in Figure 3.11)—Chapter 5 will consider inter-facet diffusion of ORR 
intermediate and how it affects the overall ORR activity over multifaceted Pt NWs. 
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Figure 3.11: Calculated adsorption energies of (a) O2*, (b) O*, (c) OH* and (d) H* (on the most stable 
Pt(111)-p(3x3), Pt NW edge and Pt(100)-p(3x3) sites) relative to the equivalent adsorption energy on the 
most stable Pt(111)-p(3x3) adsorption site. Effect of edge coverage on adsorption energy illustrated by 
considering adsorption on a precovered surface with O2* (green), O* (blue), OH* (yellow) and H* (red); 
(e) (left) adsorption of H* on O2* precovered edge and (middle/right) O2*/H* adsorption on clean edge. 
In summary, intra-facet diffusion of ORR intermediates should not limit the reaction given that the 
highest diffusion barriers are appreciably lower than the highest activated reaction steps over 
Pt(111) and Pt(100) surfaces. Whilst O* and OH* are less mobile on Pt(111) and Pt(100) surfaces, 
respectively, the fast mobility of H* will ensure the availability of appropriate reactive pairs. Some 
reaction intermediates can easily diffuse toward the edge from either terrace. Furthermore, the 
diffusion barriers from edge toward Pt{100} facet is much lower than the barriers toward Pt{111} 
facet. Lateral interactions may play a significant role in enabling inter-facet diffusion of various 
ORR intermediates. Overall, at the gas/solid interface migration of H* between Pt{111} and 
Pt{100} facets is facile and can influence surface coverage if one facet is prone to higher coverages 
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4.1  Introduction 
Experimental studies have shown that the ORR is a structure sensitive reaction with its kinetic 
activity increasing in the order Pt(100) < Pt(110) ≈ Pt(111) in a non-adsorbing HClO4 electrolyte 
[10,23]. The structure sensitivity further extends to high-index surfaces and depends on the terrace 
length [24,32]. Whilst experimental studies give information regarding the activity of different 
substrates, the information is generally limited when it comes to detailed mechanistic processes. 
Microkinetic models may provide this information [7,51,52,109,110,127–131]. 
Different classes of kinetic models have been proposed in the last decade. Huang and Eikerling 
[131] recently reviewed these methods—grouping them into (1) Tafel equation-based models, i.e. 
empirical, and (2) first-principles based microkinetic models [7,51,52,109,110,127–131]. The latter 
consider, to different degrees, the complex nature of the ORR at an electrolyte/solid interface. 
Wang et al.[127] proposed a double-trap method where instead of assuming a rate determining step 
a priori, a carefully chosen set of elementary reactions was used to develop adsorption isotherms 
for O* and OH* intermediates and current density as functions of electrode potential. Whilst their 
model was able to explain previous experimental results, its fitted free energies were subsequently 
found to be at odds with data obtained from first principles methods [131]. 
Later studies used a combination of first principles calculated reaction energetics and either 
dynamic Monte Carlo simulations (DMC) [129], mean-field kinetic models [51,109,110] or 
coverage independent models [52,53]. These models were able to explain some aspects of 
experimental observations, albeit with some limitation. Rai’s DFT + DMC model [129] was able 
to accurately predict experimentally measured surface coverages of oxygen containing species 
(OCS*) under water-discharge reaction conditions. Jinnouchi et al. [51] proposed a mean-field 
microkinetic model for the ORR over Pt(111). Although also in good agreement with both O* and 
OH* experimentally determined surface coverage, and measured current density over a wide 
potential range, 0.6 – 1.0 V (vs. the standard hydrogen electrode, SHE), it is not entirely first 
principles based—the reference free energies for the O* and OH* reduction reactions are fitted to 
experimental data.  
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Hansen et al. [52] presented a completely first principles based microkinetic model for the ORR 
over Pt(111) surface. Their predicted voltage-current density plot agreed well with previous 
experiments. However, the model does not incorporate coverage effects and as such predicts much 
higher oxygen containing species coverage in disagreement with experiments [51]. Recently, 
Eberle and Horstmann [109] presented an extended first principles based microkinetic model for 
the ORR over a Pt(111) surface. In their model they considered both Langmuir Hinshelwood (LH) 
and Eley-Rideal (ER) kinetics—more specifically, the following reactions were used to describe 
ER hydrogenation steps, 
H+ + e- + * ↔ H*         R1 
O2* + H
+ + e- ↔ OOH*        R2 
O* + H+ + e- ↔ OH*         R3 
OH* + H+ + e- ↔ H2O*        R4 
OOH* + H+ + e- ↔ HOOH*        R5 
in addition to the other LH based hydrogenation steps listed in Table 1.1. Using activation barriers 
of 0.30 eV and a Butler-Volmer equation they incorporated potential-dependency into their 
microkinetic model. Their results highlight the importance of lateral interactions and furthermore, 
they find that the ORR proceeds via the ER pathway. Noteworthy is the prediction of high O2* 
coverage in the 0.2 – 0.8 V potential region. This contradicts previous models and experiments and 
may be due to the underestimation of O2* - O2* interactions [51]. Most recently, Fantauzzi et al. 
[53] performed microkinetic analysis of the ORR over Pt(111) under dry conditions, i.e. gas/solid 
interface. 
With an intention to investigate the overall ORR activity over multi-faceted Pt surfaces, this study 
considers a simplified model. In this model the ORR occur at a gas/solid interface, much like the 
recent model of Fantauzzi et al. [53]—except that the present model also incorporates surface 
coverage effects on the ORR activity. Despite obvious limitations of this model, its predicted 
results may still be instrumental in future studies concerned with the investigation of inter-facet 
dependency. This Chapter investigates the ORR activity, i.e. H2O evolution rate, over both Pt(111) 
and Pt(100) surfaces. Reaction pathway and dependence of the ORR activity on each elementary 
reaction—employing Campbell’s degree of rate control analysis[132]—are discussed. 
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4.2  Methods and surface models 
4.2.1  Quantum Chemical Calculations 
The ORR energetics over Pt(111)-p(3x3) and Pt(100)-p(3x3) supercell models were calculated 
from DFT; computational setup details are discussed in Subsections 2.2.2 and 2.3.2. The change in 
electronic energy upon reaction is calculated as, 
Δrxn𝐸𝑖 = 𝐸𝐹𝑆,𝑖 − 𝐸𝐼𝑆,𝑖                                                                                                                          4.1 
where 𝐸𝐼𝑆,𝑖/𝐸𝐹𝑆,𝑖 is the total energy (without zero-point correction) of the initial/final state in 
reaction 𝑖; these energies are calculated from appropriate p(3x3) supercell slabs. For bimolecular 
reactions the interaction energy is also accounted for. Adsorption/desorption reaction energetics 
are based on a gas phase reference state. The activation energy for reaction 𝑖 is calculated as, 
𝐸𝑎𝑓,𝑖 = 𝐸𝑇𝑆,𝑖 − 𝐸𝐼𝑆,𝑖                                                                                                                             4.2 
where 𝐸𝑇𝑆,𝑖 is the total energy (without zero-point correction) of the transition state. Transition 
states were located using the climbing image nudged elastic band (CI-NEB) [96] method, 
optimized and verified via vibrational analyses. Appropriate corrections were made in cases of 
bimolecular reactions, i.e. 𝐸𝐼𝑆,𝑖 was corrected for the energy cost to bring reactants to a co-adsorbed 
state from infinite separation—this ensured thermodynamic consistency (Table E7.1 and E7.2 in 
Appendix E7, presents a summary of corrected activation energies). Coverage effects on reaction 
and activation energies were incorporated as discussed in Section 2.4. 
4.2.2  Adsorbate interactions 
Coverage effects on the ORR activity were considered by modelling pairwise interactions between 
co-adsorbed intermediates. Tables 2.1 and 2.2 present a summary of the key interaction energies 
applied in the mean-field microkinetic models. The majority of pair interactions over the Pt(111) 
surface are repulsive in nature. The highest of these repulsion interactions is due to O2* - O2*, O* 
- O* pairs. Over the same surface, nearest neighbour, OH* - OH*, OH* - H2O* and H2O* - H2O* 
interactions are quite attractive. These pairs are stabilised via hydrogen bonding. The latter 
interactions are responsible for the reported preferred honeycomb structure at moderate to high 
OH* and H2O* coverage over Pt(111) [8,133–136]. Over Pt(100) surfaces the most stable 
adsorption states are above bridge sites for all intermediates except for H2O which adsorbs above 
top sites. Interactions between nearest neighbour O* - OH* and OH* - OH* pairs are attractive. 
The latter interactions are responsible for the p-geometry of OH* on Pt(100) surfaces, i.e. parallel 
rows of OH* on bridge sites interacting via hydrogen-bonding [118]. Other attractive interactions 
are between H2O* - O2*, H2O* - O*, H2O* - OH* and H2O* - H2O* pairs (see Table 2.2). Despite 
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the strong stabilisation (ca. -0.60 eV) between a nearest neighbour OH*(top) - H2O* (top) pair, the 
total energy of the OH*(bridge) - H2O*(top) nearest neighbour pair is ca. 0.130 eV more stable 
relative to 2H2O(g) and ½H2(g). Therefore, the adsorption site preference of OH* is unlikely to be 
influenced by high H2O* coverages. All these attractive interactions result from hydrogen bonding. 
Other pair interactions between ORR intermediates are repulsive over Pt(100) surface. The 
strongest repulsion exists when bridge adsorbates are adsorbed along a straight line, sharing one 
surface Pt atom. These interactions (shown in Tables 2.1 and 2.2) are incorporated in the mean-field 
microkinetic models discussed in Section 2.3 and constructed in Appendix D. 
4.2.3  Microkinetic models 
Four types of microkinetic models were used differing in the way lateral interactions are treated 
(see Section 2.3). The SA approximation model is likely to be inapplicable in this case considering 
the strong repulsive and attractive interactions between ORR intermediates. Whilst species 
mobility is potentially not limiting, SA is more likely to overestimate surface coverage and 
consequently underestimate ORR activity at moderate to low temperature conditions [105]. The 
BWA model will most likely lead to a better description considering the low diffusion barriers of 
key ORR intermediates. However, at high OH* and H2O* coverages this model will likely give a 
poor description of the system as these intermediates are prone to forming ordered structures 
[8,133–136]. Moreover, the highly repulsive interactions between nearest neighbour oxide species 
(OH* excluded) will be severely overestimated. The QCA model will likely be able to give a good 
description of the system in spite of high OH* and H2O* coverages, provided that diffusion is fast. 
Whilst over Pt(111) OH* has a very low diffusion barrier over Pt(100) actual OH* diffusion is 
somewhat slower. Other processes such as proton transfer between a nearest neighbour OH* - O* 
pair and the low barrier for out of plane rotation (flip) of OH* may compensate for low OH* 
mobility. Therefore, QCA may still be a good approximation. The kMC model should in principle 
provide the best description regardless of interaction energies, surface coverage and intermediate 
mobility in a given system. This performance is however limited by the level of detail considered 
which may unfortunately come with significant computational costs. The largest limitations in the 
kMC model are likely to result from the simple interaction clusters considered, here only pairwise 
interactions are considered. 
Other simplifications relate to adsorption and surface coordination (dentate) of ORR intermediates. 
Over Pt(111) the monodentate species are O*(fcc and hcp), H*(top), O2*(bridge); OH*(top) is 
bidentate as it takes up a top and bridge sites; H2O*(top) and OOH*(bridge) are tridentate with 
bridge-top-bridge adsorption structures. Over Pt(100) O2*(bridge), O*(bridge) and H*(bridge) are 
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monodentate; OH*(bridge) is bidentate with a bridge-hollow structure and H2O*(top) is tridentate 
with a bridge-top-bridge structure. The exact structures, angles and distances, are not important at 
all as the chemistry is contained in the specified cluster energies. It is worth noting that the kMC 
model has been constructed such that the relative orientation of asymmetric adsorbates is accounted 
for. 
4.2.4  Microkinetic simulations 
Assumptions 
Various assumptions have been made in order to solve the different microkinetic models. To 
simplify the comparison now and in later Chapters, the sticking coefficient/probability was 
assumed to be 1.0 over all surfaces and independent of coverage and temperatures. Moreover, 
adsorption processes were assumed to be barrierless. Both Pt(111) and Pt(100) surfaces were 
assumed to be pristine and without any reconstruction. The area of each reaction sites on Pt(111) 
and Pt(100) was assumed to be 6.82 Å2 and 7.87 Å2, respectively. Since a gas/solid interface is 
considered, solvation effects were not included. 
Simulations approach 
The steady state solutions to the balance equation in 2.36 were obtained by solving coupled ODEs 
using the SciPy ode package in Python 3.7, specifically the LSODA ODE solver [137] which 
automatically switches between the implicit Adams method and the stiff backward differential 
formula (BDF) method [138]. Given the long list of reaction steps and intermediates, especially in 
Chapters 5 and 6, integration seemed to be the most practical approach. The integration time was 
adjusted to achieve steady state coverage and rates of individual species and reaction steps, 
respectively. Furthermore, the absolute and relative tolerances were set to 10-14 and 10-13, 
respectively. Recently, this approach was shown to accurately describe the temperature 
programmed desorption profile of CO from Fe(100) [117]. 
Simulation conditions 
The base simulations considered a gas composition of 33 kPa O2, 67 kPa H2 and 0 kPa H2O. These 
partial pressures were kept constant during integration. For the sensitivity analyses, i.e. effect of 
total pressure, gas composition and humidity, only the parameter being tested was changed whilst 
keeping other setting the same. For mean-field microkinetic models, steady state rates and 
coverages were simulated at different temperatures, from 300 K to 900 K with 20 K steps. 
kMC simulations were only conducted at 400 K, 600 K and 800 K over periodic Pt(111) and 
Pt(100) surface consisting of a 20x20 lattice, containing 400 sites. All kMC simulations were 
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performed using the Zacros code [139–141] and random number generator seeding constants of 
135 and 246. Given that the system consists of vary fast (surface diffusion) and very slow 
(hydrogenation reactions) reactions, stiffness scaling was enabled on all reaction steps with a 
scaling factor 3.0 [139]. The latter setting accelerates the simulation by enabling rare events. For 
all diffusion steps the diffusion barriers were obtained from Chapter 3; the BEP constants of 0.5 
were assumed for diffusion steps. The pre-factors were calculated at 300 K and kept constant in all 
simulations. These simulations also included surface diffusion of different adsorbates. 
Analyses 
There are three key analyses discussed herein, (1) the ORR activity, (2) ORR pathway and (3) key 
elementary reaction steps, at various temperatures. The ORR activity is obtained directly from the 
steady state solution to the microkinetic model (in kMC simulations this is an average value) and 
is equivalent to the evolution rate of H2O* from the catalyst surface. The reaction pathway analysis 
is based on the number of turns of each reaction in the mechanism relative to the turnover frequency 
of H2O* desorption, i.e. 𝑟𝑖/𝑟𝐻2𝑂. Any reaction whose ratio with 𝑟𝐻2𝑂 is near zero cannot be 
considered significant under modelled conditions. The sign indicates the direction of the reaction, 
negative for reverse reactions. 
The degree of rate control analyses gives further information, instead of showing which pathway 
toward H2O* is dominant (or what different steps contribute) it indicates which steps are critical 
from a design perspective. Improving a rate limiting step with minimal influence on the other 







                                                                                                               4.3 
and describes the effect of changing the activation energy of reaction step 𝑖 on the reaction of 
interest. It should be noted that this does not change the thermodynamics of the system—it only 
lowers the energy of the transition states, thus changing the forward and reverse rate constants to 
the same extant. In the present study, the gradient (4.3) was approximated from three points 
generated from 0.99𝑘𝑖, 𝑘𝑖 and 1.01𝑘𝑖 simulations; a denser sampling did not change the predicted 
rate control behaviour. 
Polarization curve simulations 
Despite the main assumption of a gas/solid interface, polarization curves were generated. The 
computational hydrogen electrode (CHE) model [7,52,142] was applied to investigate the effect of 
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potential on the ORR rate, specifically on the adsorption equilibria of H*. This was applied on the 
H2 adsorption reaction where the change in electrode potential shifts reference for adsorbed H*. 
Polarization curves were modelled at 358 K and 1 bar total pressure (33 kPa O2 and 67 kPa H2). 
4.3  ORR energetics over extended Pt surfaces 
4.3.1  Reaction over Pt(111)-p(3x3) surface 
At a gas/Pt(111) interface, the 4e- transfer ORR mechanism involves three adsorption-desorption 
reactions, i.e. O2 + * ↔ O2*, H2 + 2* ↔ 2H* and H2O + * ↔ H2O with * being a vacant site on 
Pt(111). The O2 and H2O adsorption-desorption reactions are similar in that they adsorb 
molecularly over one vacant site—contrary to the latter, H2 dissociates upon adsorption taking up 
two vacant sites. The adsorption energies for these molecules have already been reported in 
Chapter 3 and are -0.714 eV/O2, -1.052 eV/H2 and -0.222 eV/H2O (see Table 3.3). 
The adsorbed intermediates undergo various transformation steps ultimately resulting in H2O* 
which then desorb to complete the catalytic cycle. Table 4.1 presents, for different reaction process 
over Pt(111), the initial, transition and final state structures and energy changes. In the case of O2*, 
two transformation processes are possible. Direct dissociation which has an activation energy of 
0.407 eV and an activated bond length of 2.007 Å (cf. 1.396 Å of the ground state). Alternatively, 
the hydrogenation step can precede dissociation—this has an activation energy of 0.416 eV and an 
activated bond length of 1.492 Å which can be compared to the ground state O-H bond length of 
OOH*. This second reaction is influenced by H* coverage as well—meaning at high H* coverage 
(low availability of vacant sites) O2* hydrogenation can dominate the direct dissociation pathway. 
OOH* can dissociate with a low activation energy of 0.036 eV leading to O* and OH* 
intermediates. The activated ‘O – O’ bond in OOH* dissociation is 0.328 Å shorter than that of 
O2* dissociation. 
The resulting O* and OH* intermediates can undergo hydrogenation to become OH* and H2O*, 
respectively. The activation energies for these reactions were calculated to be 0.969 eV and 
0.175 eV, respectively. It should be noted that so far the O* hydrogenation appears to have the 
highest activation energy as reported previously [27,28,30]. The OH*-OH* disproportionation 
(coupling) reaction can also occur. A much lower activation energy was calculated for this 
reaction—this is of course partly due to the stabilised initial, transition and final state as a result of 
hydrogen bonding (see Table 4.1). The reverse of this reaction, i.e. O* hydrolysis, offers an 
alternative pathway for O* removal as OH*. The formation and desorption of H2O2* has not been 
considered given the low OOH* dissociation barrier. The calculated reaction and activation 
energies are in reasonable agreement with previous DFT studies [27,28,30]. Calculations in 
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Chapter 3 have looked at the mobility of the various intermediates. On Pt(111) most ORR 
intermediates are sufficiently mobile, the only exception is O*. Considering calculated barriers for 
the different reaction processes, it is clear that diffusion will be orders of magnitude faster than the 
slowest reactions. As a result, mean-field microkinetic models, especially the QCA model should 
give a reasonable approximation of the ORR activity. Model input parameters and coverage 
corrected reaction energetics are presented in Table E7.1 in Appendix E2. 
4.3.2  Reaction over Pt(100)-p(3x3) surface 
The O-O bond cleavage highlights the major difference between the ORR over Pt(100) and Pt(111) 
surfaces. Over Pt(100), O2* dissociation is more facile than over Pt(111) and a barrier of 0.143 eV 
was calculated—consequently, the OOH* intermediate is quite unstable (see Chapter 3) [26]. 
Li et al. [27] calculated an activation barrier of 0.53 eV for O2* hydrogenation on this surface and 
the dissociation of OOH* was barrierless. 
Clearly, O2* will rather dissociate forming two O* intermediates which can undergo multiple 
hydrogenation steps. Table 4.2 presents reaction energetics of the ORR over Pt(100)-p(3x3). The 
first hydrogenation step was calculated to occur with an activation energy of 0.532 eV (0.437 eV 
lower that the equivalent step on a Pt(111) surface). However, the second hydrogenation steps, i.e. 
OH* + H* → H2O* + *, has an overall activation energy of 0.886 eV. To find the transition state 
the process had to be broken down into two steps. The first step was H* diffusion from a bridge 
state to an atop state (activation energy of 0.215 eV) and then the second involved OH* 
hydrogenation by an atop adsorbed H* intermediate (activation energy of 0.687 eV)—combining 
these processes give an overall activation barrier of 0.886 eV (0.199 eV†† + 0.687 eV). A transition 
state for direct hydrogenation of H* and OH* on b(0) could not be located (see Table 4.2). 
The OH*-OH* coupling reaction provides an alternative pathway for OH* removal as H2O*. The 
calculated activation energy for this reaction was 0.383 eV (cf. to 0.040 over a Pt(111) surface). 
As was argued for the Pt(111) case, the low activation energy calculated for this reaction is only 
possible because of stabilisation of the transition state by hydrogen bonding. Over the Pt(111) 
surface the hydrogen bonding stabilises the O-bridge transition state whilst on Pt(100) the OH* 
near a top site is stabilised by hydrogen bonding with the second OH* involved in the OH*-OH* 
coupling reaction (see Tables 4.1 and 4.2). Comparing to previous DFT calculations in the 
literature, the calculated energetics over the Pt(100) surface in this study are also in good agreement 
[26,27]. Over the Pt(100) surface diffusion of all ORR intermediates have barriers lower than the 
                                                 
†† Energy difference between bridge adsorbed H* and atop adsorbed H* 
CHAPTER 4: ORR Activity at Pt(111) and Pt(100) Surfaces 
 
--( 63 )-- 
highest activated reaction step—the highest diffusion barrier is for OH*. The calculated ORR 
energetics data over both Pt(111) and Pt(100) can now be used to perform microkinetic analyses at 
a gas/solid interface. A summary of model input parameters and coverage corrected reaction 
energetics on Pt(100) is presented in Table E7.2 in Appendix E. 
Table 4.1: Oxygen reduction reaction over Pt(111)-p(3x3) surface, initial, transition and final state structure, 
distance between bond forming atoms(dX-Y, Å) and state energy relative to initial state (E0, eV). 
REACTION Initial state Transition state Final state 
O2b(1) 
→ 
Of(1) + Of(1) 
   
E0 = 0.0   |   dO-O = 1.396 E
0 = 0.407  |  dO-O = 2.007 E
0 = -1.200   |   dO-O = 2.998 
Of(1) + Ht(1) 
→ 
OHb(1) 
   
E0 = 0.0   |    dO-H = 3.331  E
0 = 0.969   |   dO-H = 1.594 E
0 = -0.038   |   dO-H = 0.984  
OHt(1) + Ht(1) 
→ 
H2Ot(1) 
   
E0 = 0.0   |   dO-H = 3.175 E
0 = 0.175   |   dO-H = 1.688 E
0 = -0.603   |   dO-H = 0.980  
OHb(1) + OHt(1) 
→ 
H2Ot(1) + Of(1) 
   
E0 = 0.0   |   dO-H = 1.496  E
0 = 0.040   |   dO-H = 1.195  E
0 = -0.268   |   dO-H = 0.980 
O2b(1) + Ht(1) 
→ 
OOHb(1) 
   
E0 = 0.0   |   dO-H = 2.861  E
0 = 0.416   |   dO-H = 1.492 E
0 = -0.077   |   dO-H = 0.991  
OOHb(1) 
→ 
OHt(1) + Of(1) 
   
E0 = 0.0   |   dO-O = 1.481  E
0 = 0.036   |   dO-O = 1.679 E
0 = -1.667   |   dO-O = 3.383  
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Table 4.2: Oxygen reduction reaction over Pt(100)-p(3x3) surface, initial, transition and final state structure, 
distance between bond forming atoms (dX-Y, Å) and state energy relative to initial state (E
0, eV). 
REACTION Initial state Transition state Final state 
O2b(0) 
→ 
Ob(0) + Ob(0) 
   
E0 = 0.0   |   dO-O = 1.363 E
0 = 0.143   |  dO-O = 1.385 E
0 = -1.388   |   dO-O = 2.814 
Ob(0) + Hb(0)  
→ 
OHb(0) 
   
E0 = 0.0   |    dO-H = 2.917  E
0 = 0.532   |   dO-H = 1.509 E
0 = -0.335   |   dO-H = 0.983  
OHb(0) + Hb(0)  
→ 
OHb(0) + Ht(0)  
   
E0 = 0.0   |   dO-H = 2.964 E
0 = 0.215   |   dO-H = 3.117 E
0 = 0.199   |   dO-H = 3.312  
OHb(0) + Ht(0)  
→ 
H2Ot(0) 
   
E0 = 0.0   |   dO-H = 3.312  E
0 = 0.687   |   dO-H = 1.858  E
0 = 0.003   |   dO-H = 0.979 
OHb(0)  + OHb(0)  
→ 
H2Ot(0) + Ob(0) 
   
E0 = 0.0   |   dO-H = 1.762  E
0 = 0.383   |   dO-H = 1.205 E
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4.4  ORR activity over extended Pt(111) surfaces 
The experimental ORR rate on Pt(111) in 0.1 M HClO4 is 0.59 mA.cm
-2 (equivalent to 1.26 s-1 per site 
assuming a site area of 6.82 Å2) at an electrode potential of 0.9 V vs. SHE and 300 K [23]. This rate 
increases with decreasing electrode potential until it reaches a diffusion limited current density. 
Microkinetic models of the ORR on Pt(111) in an aqueous electrolyte have been proposed in several 
studies [109,110,143]. These models predict ORR activities in the range of 2.13 x10-4 to 4.26 s-1 per 
site at 0.9 V vs. SHE and 300 K. In addition to this wide variation in predicted ORR activities, these 
models also predict significantly different surface coverage profiles. These large variations may be 
due to differences in considered reaction mechanisms, reaction energetics and the way lateral 
interactions were treated. Despite the latter, these models provide useful insights into the ORR process 
[109,110,143]. Qi and Li [110] highlighted the effect of lateral interactions on the ORR activity 
volcano diagram. On the other hand, Hansen et al. [143] demonstrated the good agreement between 
the kinetic and thermodynamic ORR activity volcano diagrams. Finally, Eberle and Horstmann [109] 
demonstrated the importance of both lateral interactions and ER reaction steps in microkinetic models 
of the ORR. In the absence of lateral interactions, the ORR rate was ca. 8 orders of magnitude lower 
than the rate predicted by a mean-field approximation microkinetic model. Moreover, ER reaction 
rates were more than 10 orders of magnitude larger than LH reaction rates [109]. 
Fantauzzi et al. [53] developed a microkinetic model of the ORR on Pt(111) under gaseous conditions. 
Since their model does not explicitly treat lateral interactions between reaction intermediates, they 
predicted very high oxygen coverages (θO > 9.0 ML) at T < 600 K and consequently low ORR rates. 
Their predicted ORR rates increased monotonically with increasing temperature. Furthermore, they 
reported that at T < 900 K the ORR rate is controlled by O* hydrogenation to OH* whilst at T > 900 K 
the O2* dissociation reaction is rate-controlling. 
4.4.1  Steady state ORR activity  
The steady state ORR rates, i.e. H2O evolution rates, have been modelled using the SA (without lateral 
interactions), BWA, QCA and kMC microkinetic models, at different temperatures under gaseous 
conditions. Figure 4.1 presents the steady state H2O evolution rates over a wide temperature range and 
Figure 4.2 gives the corresponding surface coverage functions. All three models (SA, BWA and QCA) 
predict ORR rates which increase with temperature and reach maximum before decreasing at high 
temperatures. There is a large difference in the position of the ORR rate maximum predicted by the 
coverage independent SA model compared to predictions by the coverage dependent BWA and QCA 
models. The latter models are in better agreement with each other. Below 540 K, the BWA and QCA 
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predicted ORR rates are higher than SA predicted rates and above 540 K the SA predicted rates are 
higher. Furthermore, kMC predicted ORR activity is higher than all other predictions at 400 K, 600 K 
and 800 K (see Figure 4.1). 
According to the coverage independent SA microkinetic model, the ORR activity at low temperatures 
(< 400 K) is several orders of magnitude lower than the prediction by other models and also the 
expected kinetic rate from experiments (>> 1.26 s-1 at 300 K [23]). These low ORR rates were also 
predicted in studies by Eberle and Horstmann [109] and Fantauzzi et al. [53] which excluded lateral 
interactions. Surface coverage profiles in Figure 4.2 are very useful and can be used to rationalise the 
large discrepancy between experiments and coverage independent microkinetic models (SA). 
Figure 4.2 shows that for the SA model (solid lines) the Pt(111) surface is fully covered with O* at 
temperatures below 400 K. With increasing temperature, the H* coverage increases monotonically up 
to 600 K, reaching a maximum value of 0.64 ML before decreasing monotonically with increasing 
temperature. The fraction of empty sites increases monotonically between 500 K and 900 K whilst the 
O* coverage decreases monotonically in the same range. 
The low ORR rates at T < 400 K can be attributed to the competitive adsorption of oxygen and 
hydrogen. High O* coverages limit H2 adsorption and as a result lead to very low H* coverages which 
consequently lead to lower ORR rates. The latter explains why at these low temperatures O* 
hydrogenation was found to be a rate-controlling step by Fantauzzi et al. [53]. Experiments [10], 
empirical ORR kinetic models [51] and first principles based DMC microkinetic models [129] (with 
coverage effects) report lower surface coverages of Pt(111) with adsorbed O*. This discrepancy in 
surface coverage is a direct consequence of excluding lateral interactions. In Subsection 2.4.3 it was 
argued that a full O* monolayer on Pt(111) is unlikely to form due to strongly repulsive O*-O* lateral 
interactions (see Appendix B3). The full O* coverage at low temperature predicted by the coverage 
independent microkinetic models are a further indication that lateral interactions are important. 
Moreover, a simple adjustment of the adsorption energy of gas molecules is inadequate. 
Fantauzzi et al. [53] who considered a gas/Pt(111) interface and only accounted for lateral interactions 
by adjusting the adsorption energies of H2, O2 and H2O to match temperature programmed desorption 
measurements, ignoring the interactions between other intermediates and their influence on activation 
energies, predicted very high coverages of the Pt(111) surface with O* and low ORR rates at 
T ≤ 600 K. 
At a high temperature region, the O* coverage predicted by the SA model decreases significantly 
becoming dominated by H* around 540 K and by both H* and vacant sites (*) above 600 K (see 
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Figure 4.2). Concomitantly with this change in surface coverage is the rise in ORR activity, reaching 
a maximum around 740 K. This result is consistent with the behaviour reported by Fantauzzi et al.[53], 
albeit a shift in their profiles toward higher temperatures. This shift may be a result of multiple factors 
including variations in pre-exponential factors and reaction energetics. Nonetheless, the trends seem 
rather similar. 
 
Figure 4.1: Evolution rates (RORR) of H2O from Pt(111) considering a gas/surface interface (with a 
stoichiometric gas composition (H2/O2 = 2) and a total pressure of 1 bar) predicted by SA (—), BWA (− − −), 
QCA (∙∙∙∙∙) and kMC (diamond markers) microkinetic models at various temperatures; the insert shows the ORR 
rate as a function of temperature in a linear scale to highligh the position of the rate maxima and differences in 
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Figure 4.2: (a) Surface coverage of major species and (b) concentraction factor in rate expressions of important 
reaction steps, under steady state conditions during ORR over Pt(111) considering a gas/surface interface (with 
a stoichiometric gas composition (H2/O2 = 2) and a total pressure of 1 bar); predicted by SA (—), BWA (− − −) 
and QCA (∙∙∙∙∙) microkinetic models at various temperatures. kMC predicted coverages shown with green and 
black diamond markers for H* and *, respectively. 
The BWA, QCA and kMC models account for lateral interaction between reaction intermediates. As 
a result, their predicted kinetic rates and surface coverages are a step closer toward experimental 
measurements at moderate to low temperatures. In this study, both BWA and QCA models predict a 
surface coverage dominated by H* intermediates at moderate to low temperatures (see Figure 4.2a). 
This qualitatively agrees with experimental studies which have reported that at low electrode potentials 
Pt surfaces are covered with H* intermediates whilst the O* + OH* layer only forms at high electrode 
potentials [20]. Figure 4.1a-b shows that the QCA and BWA models are in good agreement. This of 
course in not surprising given that H* intermediates which are weakly interacting (see Table 2.1) 
dominate the surface. At high temperatures all three models are anticipated to converge to each other—
under these conditions the total surface coverage is low, and adsorbates are energetic enough to be 
highly mobile. It is clear from Figure 4.1 and 4.2 that this is indeed the case, both in terms of ORR 
activity and surface coverage. The observed maximum in the ORR rate seems to be caused by the 
rapidly decreasing surface fraction of key reaction intermediates. Figure 4.2b present the 𝜃𝑂2𝜃𝐻 and 
𝜃𝑂2𝜃∗ products as a function of temperatures. Both 𝜃𝑂2𝜃𝐻 and 𝜃𝑂2𝜃∗ profiles increase with temperature 
and pass through a maximum before decreasing monotonically at high temperatures. Since the 
individual rates are functions of surface coverage and rate constant, the increasing rate constants with 
temperature may be dominated by decreasing surface coverages (concentration) at high temperatures. 
The kMC simulations were conducted at 400 K, 600 K and 800 K (and 67 kPa H2 and 33 kPa O2) on 
a 20x20 Pt(111) lattice with 400 sites. Various adsorption/desorption and surface reactions were 
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ORR rate was then simply calculated as the total number of H2O molecules formed per sites divided 
by the simulation time. Figure H1.1 in Appendix H presents the ORR rate as a function of time at 
400 K, 600 K and 800 K. The rate convergence/equilibration is faster at high temperatures. The steady 
state ORR rates are also presented in Figure 4.1 (red diamond markers) where they are clearly higher 
than ORR rates predicted by all other microkinetic models. At the three investigated temperatures, the 
surface is predominately covered with H* adsorbates whose coverage slowly decreases with 
temperature (see Figure 4.2a). Further analyses show (1) the ORR proceeds via a peroxyl pathway at 
all three temperatures and (2) at 400 K, 600 K and 800 K more than 50% of OOH* dissociation leads 
to O* on weakly adsorbing hcp sites and consequently result in a lower O* removal barrier as OH* 
via hydrogenation. The combination of the latter may explain why kMC predicts higher ORR rates. In 
summary, kMC simulations predict high H* coverages leading to limited room for O2* dissociation 
(favouring hydrogenation instead) and because OOH* dissociation leads to both fcc and hcp O* 
intermediates, the O* removal rate is overall improved. 
4.4.2  ORR pathway analysis 
The ORR can proceed via different pathways over the Pt(111) surface. The first node concerns the 
O-O bond cleavage; in the considered mechanism this can proceed via either O2* + * → 2O* or OOH* 
+ * → OH* + O*. The reaction energetics are not sufficient to determine conclusively which of these 
two pathways will be followed. The reason for the latter is that kinetic rates are not only functions of 
the activation energy, but also pre-exponential factor and surface coverage. The second node is around 
the removal of O* which can either follow a direct path (O* + H* → OH* + *) or a hydrolysis pathway 
(O* + H2O* → 2OH*). Although the former has a very high activation energy, the latter may be 
kinetically limited by low surface coverage with H2O* adsorbates. 
Figure 4.3a describes the reaction pathway as the contribution each elementary step makes toward 
forming a single H2O molecule and Figure 4.3b shows the degree of rate control as a function of 
temperature. In Figure 4.3a the ratio of the direct O2* dissociation to the ORR rate is zero at low 
temperatures and increases monotonically to 0.5 at high temperature. On the other hand, the ratio of 
O2 hydrogenation is 0.5 at low temperatures and decreases monotonically to zero at high temperatures. 
The ORR pathway over the Pt(111) surface seems to be independent of the way lateral interactions are 
incorporated (see Figure 4.3). At T < 440 K, the ORR exclusively follows a peroxyl pathway, i.e. O2* 
→ OOH* → OH* → H2O*. Above 700 K the dissociative pathway is followed. A mixed pathway is 
followed between 440 K and 700 K. Over the whole range, O* hydrolysis plays no role in the ORR 
process over Pt(111). 
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Figure 4.3: (a) ORR reaction pathway over Pt(111) and (b) Campbell’s [132] degree of rate control plot for 
steady state ORR over Pt(111) surface considering a gas/surface interface (with a stoichiometric gas 
composition (H2/O2 = 2) and a total pressure of 1 bar); predicted by SA (—), BWA (− − −) and QCA (∙∙∙∙∙) 
microkinetic models at various temperatures. 
In terms of rate controlling reaction steps, Figure 4.3b shows some interesting trends. At high 
temperatures the system is controlled by the O2* dissociation. The latter is true for all three 
microkinetic models, i.e. SA, BWA and QCA. At low temperatures, the SA model shows that H2 
adsorption is rate limiting as the surface is fully covered with O* in this range. Slightly above this 
point (> 380 K) the rate controlling step is O* hydrogenation. This is in good agreement with similar 
analyses by Fantauzzi et al. [53]. Also based on the SA model, O2* hydrogenation is rate inhibiting 
below 540 K since it competes with O* hydrogenation for available H* intermediates. The BWA and 
QCA models predict an O* hydrogenation – O2* hydrogenation controlling behaviour between 300 K 
and 660 K; O2* hydrogenation is more controlling between 460 K and 660 K. On the other hand, kMC 
simulations at 400 K, 600 K and 800 K predicted a peroxyl ORR pathway. The largest contribution of 
direct O2* dissociation pathway was still only 5% at 800 K. Given the very high H* coverages on 
Pt(111) predicted by the kMC model, it is unsurprising why the peroxyl pathway is preferred over the 
dissociative pathway. Due to high computational costs it was not practical to perform the degree of 
rate control analysis using kMC. 
4.4.3  Sensitivity to total pressure, composition and humidity 
The effect of total pressure, gas humidity and excess H2 on the ORR kinetics was also investigated 
(see Figure 4.4a-b). Using a total pressure of 10 bar results in a significant increase in ORR rate at high 
temperatures for all models. At a low temperature region, both BWA and QCA see an improvement 
in the ORR rate whilst the SA model actually shows lower rates compared to 1 bar simulations. Both 
the improvement at high temperatures and worsening at low temperatures, in the case of the SA model, 
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temperature since the increase in kinetic rate constants is further complemented by a relatively high 
O* coverage. 
 
Figure 4.4: Effects of pressure, humidity and feed stoichiometry on evolution rates (RORR) of H2O from Pt(111) 
surface considering a gas/surface interface predicted by SA (—), BWA (− − −) and QCA (∙∙∙∙∙) microkinetic 
models at various temperatures. the insert presents the same data however in a linear scale. 
Water can influence the ORR rate at low temperatures provided its presence increases surface coverage 
of Pt(111) with H2O* adsorbates—consequently leading to increased O* hydrolysis rates—offering 
an alternative pathway to the rate controlling O* hydrogenation step. Under simulated moist 
conditions, i.e. H2O(g) partial pressure of 0.46 bar (ca. 80% relative humidity at 358 K) and a total 
pressure of 1.46 bar, the ORR rate is the same as under dry conditions at a total pressure of 1 bar (see 
Figure 4.3). As mentioned earlier, the role of the O* hydrolysis reaction in the mechanism, especially 
at low temperature conditions where O* hydrogenation is partially rate controlling, is dependent on 
the H2O* coverage which unfortunately remains extremely low even under moist conditions (see 
Figure F1.1 in Appendix F). 
The other effect investigated was that of excess H2 (or limited O2 reactant). Keeping a total pressure 
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ratio of 2:1). This resulted in much lower ORR rates compared to rates at stoichiometric composition 
and 1 bar pressure (see Figure 4.3). Increasing the total pressure to 1.33 bar keeping the 3:1 gas 
composition also resulted in lower ORR rates compared to base case (stoichiometric gas composition 
at 1 bar). The latter was done to ensure a constant chemical potential of H2 under both stoichiometric 
and nonstoichiometric composition. The decrease in ORR rates is due to the slight increase in the H* 
coverage at the expense of O* coverage—consequently lowering the reaction rates of the rate-limiting 
steps, O* hydrogenation and O2* dissociation. 
4.5  ORR activity over extended Pt(100) surface 
The experimentally measured ORR rate on Pt(100) in 0.1 M HClO4 at 0.9 V vs. SHE and 300 K is 
0.92 s-1 per site (assuming a site area of 7.87 Å2) [23]. This rate increases with decreasing electrode 
potential. Microkinetic studies of the ORR over Pt(100) surfaces are scarce. The ORR activity on this 
surface has been estimated based on reactivity toward O* and OH* intermediates [29]. Furthermore, 
Qi and Li [110] presented a simple mean-field microkinetic model describing the ORR at an 
electrolyte/Pt(100) and electrolyte/Pt(111) interface, with hydrogenation steps involving a solvated 
proton. At low electrode potentials, their model predicted ORR rates of 104 - 105 mA.cm-2 (equivalent 
to 2.46 x104 s-1 and 2.46 x105 s-1 per site assuming a site area of 7.87 Å2). At electrode potentials below 
0.4 V vs. SHE, the Pt(100) surface was mostly empty and the combined O* and OH* coverage was 
less than 0.3 ML. The ORR rate decreased with increasing electrode potential in a similar manner to 
the decrease on Pt(111) [110] and experimental observations [23]. Unlike on Pt(111), on Pt(100) the 
dominant surface intermediate was predicted to be O2* with a 0.5 ML coverage between 0.4 V and 
1.0 V vs. SHE [110]. This high O2* coverage is due to underestimation of lateral interactions, 
especially interactions between O2* intermediates. Furthermore, experimental studies reporting such 
high O2* coverages could not be found. 
4.5.1  Steady state ORR activity 
The steady state ORR rates have been modelled using the SA (without lateral interactions), BWA, 
QCA and kMC microkinetic models, at temperatures between 300 K and 900 K. Figure 4.5 presents 
steady state H2O* evolution rates whilst Figure 4.6a gives the corresponding surface coverage 
functions. The coverage independent ORR rates increase monotonically with temperature up to 700 K 
where a sharp jump is observed. Beyond 700 K, the ORR rates increase and pass through a maximum 
at 840 K before decreasing monotonically (see Figure 4.5). Furthermore, the coverage independent 
model predicts very high O* coverages, ca. 1.0 ML, on Pt(100) at T < 700 K and a sharp decrease in 
O* coverage at 700 K. Beyond 700 K, the O* and OH* coverages decrease monotonically from ca. 
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0.2 ML at 700 K (see Figure 4.6a). According to the SA model, the ORR rates at T < 700 K are several 
orders of magnitude lower on Pt(100) compared to Pt(111), under the same conditions. These 
extremely low rates are a result of a nearly 1.0 ML coverage of Pt(100) with O* adsorbates and an 
extremely low fraction of H* adsorbates on Pt(100) at T < 700 K. The sharp increase in the ORR rate 
at 700 K can also be explained by the sharp decrease in O* adsorbates and increase in the fraction of 
H* and OH* adsorbates on Pt(100). 
Above 700 K the ORR activity increases, overshooting even that predicted by the BWA and QCA 
models. This happens concurrently with the decrease in the O* coverage and increase in other surface 
species including H*, OH* and vacant sites (*). 
The BWA and QCA models address the problem of coverage effects by correcting the adsorption 
energy of each reaction intermediate accordingly depending on its neighbours. Simulation results show 
that BWA and QCA models predict higher ORR rates even at low temperatures, unlike the SA model 
(see Figure 4.5). The ORR rate vs. temperature profile predicted by the BWA model has two rate 
maxima, at 480 K (2.33 x105 s-1 per site) and above 900 K. Similarly, the QCA model also predicts 
two rate maxima, however, at 580 K (3.40 x106 s-1 per site) and at 860 K (1.59 x107 s-1 per site). Both 
BWA and QCA models predict higher ORR rates at 300 K than the SA model. Moreover, the BWA 
and QCA predicted ORR rates below 400 K are much more similar to each other than to the SA 
predicted rates. 
There are two key behaviours observed from the BWA and QCA simulations. The first concerns their 
good agreement at low temperatures and the second relates to the observed transition at 500 K and 
620 K for the BWA and QCA model, respectively. Both phenomena can be explained using surface 
coverage. Figure 4.6a illustrates that at low temperatures the surface coverage of H*, O* and OH* 
predicted by the BWA and QCA models are quite similar, explaining the observed similarities in ORR 
rates in this temperature range. The decrease in the O* and O2* coverage with increasing temperature 
occurs concomitantly with an increase in H* coverage (see Figure 4.6b). In the BWA model, the O* 
and O2* coverages decrease sharply immediately after the first maximum in the rate profile. The latter 
is also true in the QCA model; however, the decrease is less sharp and occurs immediately after the 
first maximum in the ORR rate profile. Figure 4.6b presents the 𝜃𝑂2𝜃∗ and 𝜃𝑂𝜃𝐻, profiles predicted by 
the BWA and QCA models. The sudden decrease in 𝜃𝑂2𝜃∗ and 𝜃𝑂𝜃𝐻, product at 480 K (BWA) and 
580 K (QCA) correlates well with the first maximum of the ORR rate. The high surface coverage with 
O* and O2* predicted by the QCA model leads to high ORR rates compared to BWA rates (see 
Figure 4.6b). 
4.5  ORR activity over extended Pt(100) surface 
 
--( 74 )-- 
 
Figure 4.5: Evolution rates (RORR) of H2O from Pt(100) considering a gas/surface interface (with a stoichiometric 
gas composition (H2/O2 = 2) and a total pressure of 1 bar) predicted by the SA (—), BWA (− − −), QCA (∙∙∙∙∙) 
and kMC (diamond markers) microkinetic models at various temperatures; the insert shows the ORR rate as a 
function of temperature in a linear scale to highligh the position of the rate maxima and differences in ORR rate 
at high temperatures. 
 
Figure 4.6: (a) Surface coverage of major species and (b) concentraction factor in rate expressions of important 
reaction steps, under steady state conditions during ORR over Pt(100) surface considering a gas/surface 
interface (with a stoichiometric gas composition (H2/O2 = 2) and a total pressure of 1 bar); predicted by SA (—
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The BWA model predicts lower O2* and O* coverages owing to its inherent overestimation of 
repulsive lateral interactions [105]. Based on a sensitivity analysis, this behaviour was identified to be 
caused by surface poisoning by H* adsorbates. Figure F1 in Appendix F presents ORR rate and surface 
coverage profiles at different adsorption energies of H2 on Pt(100). At high adsorption energies, the 
surface concentration of H* increases to near 1.0 ML leading to fewer vacant sites and consequently 
decreasing O2* dissociation rates. 
The kMC simulations were conducted at 400 K, 600 K and 800 K (and 67 kPa H2 and 33 kPa O2) on 
a 20x20 Pt(100) lattice with 400 sites. Various adsorption/desorption and surface reactions were 
considered together with intra-facet diffusion of all reaction intermediates. The ORR rate was then 
calculated as the total number of H2O molecules formed per sites divided by the simulation time. 
Figure H1.2 in Appendix H presents the ORR rate as a function of time at 400 K, 600 K and 800 K. 
The steady state ORR rates are also shown in Figure 4.5 (red diamond markers) where they can be 
seen to be in good agreement with the BWA model prediction at 600 K and 800 K whilst several orders 
of magnitude lower at 400 K. There are 1.92, 1.46 and 1.04 H* adsorbates per site on Pt(100) at 400 K, 
600 K and 800 K, respectively. This is equivalent to 0.95, 0.73 and 0.52 H* adsorbates per Pt(100) 
bridge states (each site on Pt(100) has two bridge states, see Figure 2.7b), at 400 K, 600 K and 800 K, 
respectively. The extremely high coverage with H* on Pt(100) at 400 K limits the number of available 
sites for O2 adsorption and dissociation resulting in extremely low ORR rates. At high temperatures, 
i.e. 600 K and 800 K, kMC predicted ORR rates are in good agreement with BWA and lower than the 
QCA and SA predicted ORR rates. Both QCA and SA models have appreciable O* and OH* coverages 
whilst the BWA and kMC models have much lower OCS* coverages. Moreover, because of these low 
coverages the assumptions of random distribution in the BWA matches the reality modelled in the 
kMC simulations. 
4.5.2  ORR pathway analysis 
The pathway analysis can give a good insight to the observed ORR rates. Figure 4.7a presents the ORR 
pathway over Pt(100) whilst Figure 4.7b presents the degree of rate control profiles. The key profiles 
in Figure 4.7a are the O* hydrogenation (blue), OH* hydrogenation (orange) and O* hydrolysis (red). 
For the latter, the SA and QCA predicted ratios are 2.0 , 0.0 and -1.0 (negative simply means the 
reaction proceeds backward) at T < 700 K, respectively. At T > 700 K, the O* hydrogenation and O* 
hydrolysis ratios decrease slightly whilst the OH* hydrogenation ratio increases proportionately. On 
the other hand, the BWA model only agrees well with both SA and QCA models at T < 500 K. Above 
500 K, the O* hydrogenation and O* hydrolysis ratios decrease whilst the OH* hydrogenation 
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increases proportionately. Interestingly, the ratios calculated from kMC simulations at 400 K, 600 K 
and 800 K, also correlate better with the BWA model results than with the other two models. 
Therefore, the analysis in Figure 4.7a suggests that the reaction pathway is independent from the model 
assumptions at T < 500 K. Despite the large difference in ORR rate predicted by the QCA and SA 
models, they both proceed via the same pathway between 300 K and 900 K. The BWA model is an 
exception, above 500 K the OH* hydrogenation reaction plays a substantial role, almost halves the 
number of O* hydrogenation and OH*-OH* coupling (reverse hydrolysis of O*) reaction events 
needed for a single H2O* desorption event. At higher temperatures the model predictions should 
converge to one another as was the case on Pt(111). Because of low OH* coverage in BWA and kMC 
simulations above 500 K, the OH*-OH* coupling reaction rate is lower. In kMC simulations only 50% 
of H2O* is formed via the latter reaction and this occurs in the order, O2 adsorption → O2* dissociation 
→ 2x O* hydrogenation → OH*-OH* coupling → O* hydrogenation → 1x OH* hydrogenation, and 
forms two H2O* molecules. OH* hydrogenation occurs because an OH* neighbour is unavailable 
under these conditions as the surface is nearly saturated with H* adsorbates.  
 
Figure 4.7: (a) ORR reaction pathway over Pt(100) and (b) Campbell’s [132] degree of rate control plot for 
steady state ORR over Pt(100) surface considering a gas/surface interface (with a stoichiometric gas 
composition (H2/O2 = 2) and a total pressure of 1 bar); predicted by SA (—), BWA (− − −), QCA (∙∙∙∙∙) and kMC 
(diamond markers) microkinetic models at various temperatures. 
Despite similar reaction pathways, the ORR over Pt(100) is controlled by different reactions depending 
on modelling assumptions. For the SA model between 400 K and 700 K the rate is limited by H2 
adsorption which is anticipated given that in this range the surface is fully covered with O* adsorbates 
(see Figure 4.6a). Below 400 K the ORR rates from the SA model are extremely low, and the predicted 
degree of rate control may not be reliable due to potential numerical errors. Above 700 K, the SA 
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dissociation (beyond 900 K). Therefore, within this model at high temperatures the rate is limited by 
the availability of oxygen intermediates and H2 adsorption inhibits the rate as it competes with O2 
adsorption. 
The BWA model predicts O* hydrogenation as a rate controlling step at low temperatures. This is 
potentially a consequence of the reaction pathway. The current pathway requires 2x O* hydrogenation 
events for a single H2O* desorption event because it proceeds via OH*-OH* coupling; as a result, a 
higher strain/load is added on the O* step which in this case also happens to have the highest barrier 
(given that the ORR does not follow a direct OH* hydrogenation pathway). Above 500 K the system 
becomes strongly limited by O2* dissociation and inhibited by H2 adsorption. This also coincides with 
the transition observed in the ORR rate profiles (see Figure 4.5 and 4.6b). The nearly two orders of 
magnitude decrease in 𝜃𝑂2𝜃∗, between 500 K and 560 K, explains the corresponding decrease in the 
ORR rate, since O2* dissociation is the rate-limiting step in this temperature range. The QCA model 
predicts similar rate-limiting steps as the BWA model, however with shifted profiles to higher 
temperatures (see Figure 4.7b). Interestingly, the two reaction rate maxima predicted by the BWA and 
QCA models (see Figure 4.5) coincide well with the change in the rate-determining step. 
4.5.3  Sensitivity to total pressure, gas composition, and moisture 
The effects of total pressure, water partial pressure and excess H2 on the ORR rate were investigated. 
Figure 4.8 presents the ORR rates predicted under different simulation conditions aimed at studying 
model sensitivity. Increasing the total pressure from 1 bar to 10 bar results in increased surface 
coverage predicted by all three models. As a result, compared to the 1 bar, at 10 bar the ORR rates 
were lower/unchanged and higher at a low and high temperature range, respectively (see Figure 4.8). 
The high temperature ORR rate maximum is expected to shift up in temperature at high pressure 
conditions. Introduction of water vapour, i.e. 0.46 bar, had no effect on the ORR rate predicted by all 
three models (see Figure 4.6). The latter is not surprising since over Pt(100) the ORR is mostly limited 
by the availability of O*, i.e. O2* dissociation. Increasing H2O* coverage only serves the O* hydrolysis 
step, however due to high OH* coverages and lower activation energy the reverse reaction dominates. 
To simulate excess H2, a nonstoichiometric 3:1 H2(g):O2(g) ratio and constant total pressure of 1 bar 
was used. Across all three models, a nonstoichiometric gas composition at 1 bar leads to lower ORR 
rates (see Figure 4.6). Changing gas composition at constant H2 partial pressure was also tested and 
resulted in a similar behaviour to the 3:1 H2(g):O2(g) at 1 bar. 
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Figure 4.8: Effects of pressure, humidity and feed stoichiometry on evolution rates (RORR) of H2O from Pt(100) 
surface considering a gas/surface interface predicted by SA (—), BWA (− − −) and QCA (∙∙∙∙∙) microkinetic 
models at various temperatures. the insert presents the same data however in a linear scale. 
4.6  Polarization curves for ORR over Pt(111)/Pt(100) surfaces 
The chemical hydrogen electrode (CHE) model can be used to calculate potential dependent adsorption 
free energy for all H2 adsorption steps as follows [7], 
𝐺𝐴𝑑𝑠,𝐻2 = 2𝐺𝐻∗ − 𝐺𝐻2(𝑔) − 2𝐺∗ + 𝑒(𝑈𝐶
0 − 𝑈𝑐) + pH𝑙𝑛(10)                                                           4.4 
where 𝐺𝑖 is the Gibbs free energy of species 𝑖 (adsorbed/free gas). The other parameters are 𝑈𝑐(𝑈𝑐
0), 
pH and 𝑒 which are electrode potential (reference), negative log of proton concentration and 
elementary charge, respectively. Polarization curves (electrode potential vs. current density plots) were 
generated based on equation 4.4. This merely shifts the adsorption strength of H* by adjusting the 
reference (H+ + e-) state according to equation 4.4 at different electrode potentials. Steady state ORR 
rates were calculated, from which the current density was modelled as, 
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for a given steady state H2O evolution rate, 𝑅𝐻2𝑂(𝑈𝑐) in mol.cm
-2.s-1. 𝑛 = 2 and 𝐹 = 96485 A.s.mol-1 
are number of electrons transferred and Faraday constant, respectively. The polarization curves are 
constructed at 358 K, 0.33 bar O2 and 0.67 bar H2 over extended Pt(111) and Pt(100) surfaces with a 
site area of 6.82 Å2 and 7.87 Å2, respectively. The SA model was shown to predict very low ORR rates 
at low temperatures. Therefore, only BWA and QCA model predicted polarization curves are presented 
here. 
Experimental measurements of the ORR activity over Pt(111) and Pt(100) single crystalline electrodes 
under RDE conditions show current densities of 0.59 mA.cm-2 and 0.49 mA.cm-2 at 0.9 V (vs. 
reversible hydrogen electrode, RHE) in a 0.1 M HClO4 electrolyte, respectively [23]. Figure 4.9 
presents polarization curves in the current density range of 0 – 0.5 mA.cm-2. The BWA predicted 
overpotentials, at a current density of 0.5 mA.cm-2, are 0.87 V and 0.48 V over Pt(111) and Pt(100) 
surfaces, respectively. The QCA model predicts even higher overpotentials at this current density for 
both surfaces (Figure 4.9a, c). Clearly, predictions based on both microkinetic models for both Pt(111) 
and Pt(100) surfaces deviate from experimental measurements (0.59 mA.cm-2 and 0.49 mA.cm-2 at 
0.9 V vs. SHE [23]). Various factors may be responsible for the deviation between these models and 
experiments. These factors include, solvation effects, dispersion effects and Eley-Rideal reaction steps. 
The latter were shown to significantly improve the correspondence between experimental ORR rates 
and rates predicted by a mean-field microkinetic model [109]. 
The Pt(111) surface is predominantly covered with H* at low potentials, < 0.1 V, and at high potentials 
O* is most predominant with the rest of the surface vacant (Figure 4.6b). The OH* coverage in the 
whole range is << 0.001 ML (Figure 4.6b). Over the Pt(100) surface, a substantial surface fraction of 
OH* adsorbates is present over the whole potential range (Figure 4.6d). Both in terms of ORR activity 
and surface coverage, the present models are not in agreement with experimental measurements. This 
deviation is expected given that the models consider a gas/solid environment (compared to 
electrolyte/solid in experiments) and the potential treatment in equation 4.4 may not be adequate—
much closer predictions would expected if ER reaction steps are also considered [52,109]. 
4.7  Conclusions 
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Figure 4.9: Polarization curves for ORR over (a) Pt(111) and (c) Pt(100) surfaces and the coverage at different 
potentials over (b) Pt(111) and Pt(100) surfaces. 
4.7  Conclusions 
Various DFT calculations have been conducted to obtain both reaction energetics and lateral 
interaction parameters for the ORR over Pt(111) and Pt(100) surfaces. Calculated reaction energetics 
were consistent with previous literature. Considering a gas/solid interface, ORR rates over both 
Pt(111)—which have been previously described by Fantauzzi et al. [53] however, without explicit 
consideration of coverage effects—and Pt(100) surfaces were modelled using different microkinetic 
models, i.e. SA, BWA, QCA and kMC. The majority of available microkinetic studies in the literature 
only consider Pt(111) surfaces. 
Interesting information regarding the effects of coverage, temperature, pressure and the presence of 
water in the bulk phase has been reported. The rates increased with temperature as expected and there 
was a change in the rate determining step with increasing temperature—the reaction pathway changes 
with temperature for the Pt(111) surface and for the Pt(100) surface a change was only predicted by 
the BWA model. On Pt(111) surfaces the ORR follows a peroxyl pathway at low temperatures and a 
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dissociative pathway with OH* removal occurring via the OH*-OH* coupling reaction instead of 
direct OH* hydrogenation. The Pt(100) surface is predicted to have higher ORR activities compared 
to the Pt(111) surface—this may be caused by an inhibitive barrier for O* hydrogenation on Pt(111) 
and a trace coverage of H2O* on this surface—the latter limits the alternative O* hydrolysis pathway. 
The OH*-OH* coupling pathway over the Pt(100) surface is responsible for H2O* formation. As a 
result, facile mobility of OH* on Pt(100) is required; based on the predicted ORR pathway on Pt(100), 
the activation energy of the rate determining step at low temperature is only 0.016 eV lower than the 
diffusion barrier of OH* on this surface. Therefore, the predicted ORR rates on this surface are not 
significantly affected by slow OH* mobility at low temperatures. The peculiar behaviour in the ORR 
rate vs. temperature profile on Pt(100) was explained based on the surface coverage and degree of rate 
control profiles. Moreover, this behaviour was seen to be quite sensitive to the adsorption strength of 
H* on Pt(100) and coverage of Pt(100) with H* intermediiates. 
According to kMC simulations the Pt(111) and Pt(100) surfaces are predominately covered with H* 
adsorbates even at high temperatures. This high coverage explains the predicted high ORR rates on 
Pt(111) surfaces at 400 K, 600 K and 800 K, as well as the good agreement between kMC and BWA 
ORR rates on Pt(100) surfaces at 600 K and 800 K. At 400 K all Pt(100) bridge sites are occupied by 
H* intermediates leading to extremely low ORR rates compared to BWA and QCA models. 
Chapter 5 will consider possible cooperation between adjacent Pt{111} and Pt{100} facets—this is 
possible to study with the present system although the predicted activity order seems to contradict 
experimental observations under electrochemical conditions. This simple case is still instrumental, in 
a sense that it will also provide useful information regarding the effective exchange rates of ORR 
intermediates between adjacent surfaces—something still lacking in available ORR models. 
In conclusion, the Pt(100) surface is more ORR active than Pt(111) under gaseous conditions. The 
ORR over the Pt(100) surface proceeds via an OH*-OH* coupling pathway and OH* removal does 
not limit the ORR activity at temperatures below 900 K. The ORR rate limiting processes are the same 
on both Pt(111) and Pt(100) surfaces and they are also temperature dependent, i.e. O* removal (O* 
hydrogenation) at low temperatures and O2* dissociation at high temperatures. 
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5.1  Introduction 
The ORR activity is structure sensitive—over single-crystal Pt facets it increases in the order Pt(100) 
< Pt(110) ≈ Pt(111) under a 0.1 M HClO4  electrolyte [10,20,23]. Furthermore, on high-index planes 
composed of n atomic rows along {111} terraces with periodic single atom steps of either (111) or 
(100) type, the ORR activity increases with decreasing n, for n > 2 [24]. High-index Pt surfaces with 
n atomic rows along {100} terraces and atomic steps of type (111) or (110) possess terrace size 
independent ORR activities [24]. The improvement in the ORR activity as a function of terrace size is 
argued to be due to the weakening in the adsorption strength of reaction intermediates compared to 
extended Pt(111) surfaces [32,144]. 
Komanicky et al. [35] prepared nano-faceted single crystalline Pt surfaces with alternating Pt{111} 
and Pt{100} terraces. The ORR activity measured from these nano-faceted surfaces was found to be 
higher than a simple linear combination of activities from constituent Pt(111) and Pt(100) surfaces 
[34]. This was also true over shape selected cuboctahedral NP arrays [36]. Based on these results, it 
was then postulated that a cooperative behaviour must exist between adjacent terraces (see Figure 5.1). 
Oxygen is thought to adsorb on a {100} terrace before diffusing to a {111} terrace where its reduction 
is more facile [36]. No theoretical study has investigated and corroborated this postulation yet. 
 
Figure 5.1: Schematic illustration of cooperative mechanism of ORR on (111)-(100) nanofaceted Pt surfaces, 
as proposed by Komanicky et al. [34,36]. 
Recently, a proposal was made regarding the role of the step in high-index surfaces on the ORR 
activity—according to the study, O2* at edge-bridge sites dissociates forming two O* intermediates—
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due to lateral interactions one O* atom diffuses to the step bottom where it is weakly bound and hence 
provides a much more facile pathway for O* removal as OH* [145]. The mobility of O* over Pt edge 
sites has been investigated using DFT calculations. Whilst high diffusion barriers are reported at low 
coverages [124,125,146], it was shown that lateral interactions do flatten the PES enabling faster 
diffusion [146]. O2*, O* and OH* were found to have high energy barriers for diffusion away from 
edge sites. When coverage effects are considered, this might change; since repulsive lateral interactions 
can weaken the stability O* and O2* at edge sites resulting in the flattening of the diffusion PES (see 
Figure 3.11). 
Despite multiple indications of cooperative behaviour in multi-faceted Pt surfaces [24,32,34,36,147], 
existing models which aim to predict the overall ORR activity over multi-faceted Pt NPs all assume 
independent facets [15,16,25,29,37]—calculating the overall ORR activity as a linear combination of 
ORR activities of extended terraces and isolated step-edge sites. This Chapter ambitiously sets to 
investigate the overall ORR activity from multi-faceted Pt surfaces at the gas/solid interface without 
any a priori assumptions related to cooperative behaviour of adjacent facets. 
5.2  Methods and Surface Models 
5.2.1  Quantum Chemical Calculations 
The Pt{111} and Pt{100} terraces of a multi-faceted Pt surface are modelled as Pt(111)-p(3x3) and 
Pt(100)-p(3x3) slab surfaces, respectively. Reaction energetics data over these surfaces have been 
generated in Chapter 4; and Chapter 3 discussed the reactivity and mobility of ORR intermediates on 
these model surfaces. The third surface type in the considered multi-faceted Pt surface model are edge 
sites formed at the intersection of two facets, Pt{111} and Pt{100}. The latter edge sites are of type 
(111)x(100) and are present in cuboctahedral and truncated octahedral NP models as well as in 
hexagonal NW model. This study considered a rhombic Pt[5(111)x5(100)] NW model to represent 
this surface type, i.e. (111)x(100) edge; the adsorption and mobility of ORR intermediates over this 
surface was investigated in Chapter 3—this Chapter will consider the obtained energetics there. The 
ORR can also occur at the interface between two surface types, e.g. hydrogenation of O* on edge sites 
by H* on terrace sites. 
In this Chapter the dissociative ORR mechanism involving edge – Pt{111} and edge – Pt{100} sites 
is discussed. The energetics are calculated using DFT with a Pt[5(111)x5(100)] NW model from 
Chapter 2. The computational setup used is covered in Subsection 2.2.2 as well as in Section 3.2. The 
data on ORR intermediate mobility and ORR reaction energetics on terrace and at terrace-edge 
boundary is used to generate ORR microkinetic models. 
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To ensure that the overall thermodynamics are consistent, near-edge and NW terrace site adsorption 
properties toward all ORR intermediates were equated to extended p(3x3) surfaces; such that, for 
Pt{hkl} → edge diffusion of intermediate 𝑖, the barrier is calculated as: 
𝐸𝑎𝑐𝑡,𝑖[𝑃𝑡{ℎ𝑘𝑙} → 𝑒𝑑𝑔𝑒] = 𝐸𝑎𝑐𝑡,𝑖[𝑒𝑑𝑔𝑒 → 𝑃𝑡{ℎ𝑘𝑙}] − (𝐸𝑎𝑑𝑠−𝑃𝑡(ℎ𝑘𝑙),𝑖 − 𝐸𝑎𝑑𝑠−𝑒𝑑𝑔𝑒,𝑖)         5.1 
where 𝐸𝑎𝑑𝑠−𝑃𝑡(ℎ𝑘𝑙),𝑖 is taken to be the adsorption energy of species 𝑖 over the most stable adsorption 
site on a Pt(hkl)-p(3x3) slab surface. 𝐸𝑎𝑑𝑠−𝑒𝑑𝑔𝑒,𝑖 is the adsorption energy of species 𝑖 over the most 
stable edge sites on a Pt[5(111)x5(100)] NW model. The near-edge reaction energetics were also 
corrected accordingly. This guarantees direct comparison between extended Pt(hkl) and Pt{hkl} 
performance. 
5.2.2  Adsorbate Interactions 
The OOH* intermediate was not considered over edge and near-edge sites because of its very low 
dissociation barriers on terrace sites—therefore, lateral interaction models only considered O2*, O*, 
H*, OH* and H2O*. Moreover, a crude assumption was made—edge bound intermediates were only 
considered to interact with edge bound intermediates and near-edge species interact exclusively with 
other terrace species on the relevant terrace. The implication of the latter is an underestimation of 
OX*(terrace)-OX’*(edge) interaction. Whilst this cannot be thoroughly justified, the extra relaxation 
room available for edge adsorbed intermediates, i.e. terrace species only have 180° of space vs. ca. 
240° room over the edge, suggests that repulsive interactions will be minimised for terrace-edge vs. 
terrace-terrace clusters. Moreover, edge-edge interactions are likely to be more significant—
consequently incorporating them should give a closer estimation of the real system compared to no 
interactions at all. 
Figure 5.2 shows the interaction cluster between adsorbates which bind on edge-bridge sites, in this 
case O* is shown interacting with H* intermediates. Figure 5.2 further displays the number of 
neighbours in the 1st and 2nd shells and corresponding interaction energies—terrace-edge interactions 
are omitted. DFT calculations were used to generate interaction energies for these cluster (see 
Table 5.1). To minimize self-interaction between periodic images, a Pt NW model with 4 Pt atoms 
along the axial direction of each periodic image was used (see Figure 5.2). It is not difficult to imagine 
that the difference between model sizes used to generate reaction energetics vs. interaction energies 
have little impact—the largest effect on the activation barriers would be equivalent to 2nd shell 
interactions at most (see Table 5.1). The 2nd shell interactions were halved since a centrally adsorbed 
species interacts with both the co-adsorbed species and its periodic image (see Figure 5.2)—the halving 
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deals with double counting. Since terrace-edge interactions are excluded, the probability of finding an 
(𝑖-edge)( 𝑗-terrace) pair was estimated as 𝑃𝑖𝑗 = 𝜃𝑖,𝑒𝑑𝑔𝑒𝜃𝑗,𝑡𝑒𝑟𝑟𝑎𝑐𝑒 and was applied in the QCA model. 
 
Figure 5.2: Edge-edge interaction pairs on a Pt NW model. Also shown along side this figure is a radial pair-
distribution function for an edge - edge interaction between O*-H* pairs. 
The co-adsorption geometry and energy of ORR intermediate on edge-bridge sites compares well with 
equivalent co-adsorption on the Pt(100)-p(3x3). The most repulsive lateral interactions are between 
O2*-O2*, O2*-O*, O2*-OH* and O*-O* (see Tables 2.2 and 5.1). Lateral interactions between H*-H* 
are weakly repulsive and comparable with interactions on Pt(111) and Pt(100) surfaces (see Tables 
2.1, 2.2 and 5.1). Therefore, the edge sites will likely be predominantly covered with H* adsorbates 
when lateral interactions are incorporated, similar to the Pt(111) and Pt(100) surfaces. Figure 3.11 
presents an illustration of how lateral interactions between edge adsorbates influence the adsorption 
strength. 
Table 5.1: First and second energy interaction shells for ORR intermediates over Pt NW edge. 
1st shell O2* O* H* OH* H2O* 
O2* 1.060 0.563 0.230 0.503 -0.028 
O* - 0.455 0.178 0.345 0.006 
H* - - 0.017 0.124 -0.006 
OH* - - - 0.364 0.073 
H2O* - - - - -0.203 
 
2nd shell O2* O* H* OH* H2O* 
O2* 0.066 0.054 0.062 0.054 0.000 
O* - 0.040 -0.005 -0.006 0.000 
H* - - 0.015 0.000 0.000 
OH* - - - 0.043 0.000 
H2O* - - - - 0.084 
5.2.3  Microkinetic models for multi-faceted surface 
The description of microkinetic processes over a multi-faceted surface within kMC is rather 
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occur where [107,148–150]. On the other hand, microkinetic analyses over multi-faceted surfaces 
using SA, BWA and QCA models are not as trivial. For Fischer-Tropsch synthesis, van Helden et al. 
[151] constructed a mean-field microkinetic model over a multi-faceted Co NP model. They coupled 
the balance ODEs together with a site constraint to normalising surface coverages. 
∑ ∑ 𝜃𝑖,𝑠
𝑖𝑠
= 1                                                                                                                                           5.2 
This constraint may however lead to underestimation of rates of bimolecular reactions. As it is, 5.2 
will lead to a coverage of species 𝑖 on surface type A of 𝜃𝑖,𝐴 = 𝜃𝑖,𝐴
∗ 𝜒𝐴, where 𝜒𝐴 is the number of active 
sites on  surface type A relative to the total number of active sites on a model NP and 𝜃𝑖,𝐴
∗  is the 
reference coverage at the centre of surface type A. Given a sufficiently wide surface type A, the 
bimolecular reaction will be described as 𝑟 = 𝑘𝜃𝑥,𝐴
∗ 𝜃𝑦,𝐴
∗  with the overall rate given by 𝑟𝜒𝐴; the latter 
deviates by a factor of 𝜒
𝐴
 from a system based on constraint 5.2, 𝑟 = 𝑘𝜃𝑥,𝐴
∗ 𝜃𝑦,𝐴
∗ 𝜒𝐴
2. This study considers 
the following site balance constraints, 
∑ 𝜃𝑗,𝑃𝑡{111}
𝑗
= 1,     ∑ 𝜃𝑗,𝑃𝑡{100}
𝑗
= 1, ∑ 𝜃𝑗,𝑒𝑑𝑔𝑒
𝑗
= 1                                                        5.3 
and solves the system of couple ODEs as illustrated in Figure 5.3—with different surface types 
connected via diffusion and reactions at boundary interface. To avoid potential problems with surface 
type coupling, the whole process is modulated by adjusting the processes at the boundary interface by 
a 𝜒
𝑒𝑑𝑔𝑒
. Therefore, it is assumed that the difference in the number of Pt{111} and Pt{100} surface sites 
is minimal—since the latter is at most within the same order of magnitude, this assumption is quite 
reasonable. A > 2 order of magnitude separation between TOF over the two surfaces should be well 
represented. The modulation, i.e. 𝜒𝑒𝑑𝑔𝑒, will be adjusted between three values, 1.0, 0.34 and 0.004. 
5.2.4  Microkinetic Simulations 
Assumptions 
The key assumptions in the present Chapter are as follows. 
• The sticking probability is unity over all surface types 
• X*(terrace) – Y*(edge) lateral interactions equal to zero 
• Distribution of Pt{111} and Pt{100} terrace equal 
• BEP factors (equation 2.44) for all diffusion and edge boundary reactions equal to 0.5 
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• OH*-OH* interactions at the edge sites are only repulsive as only bridge adsorption states are 
considered. This limits the formation of hydrogen-bond networks between OH* adsorbates. 
However, the H2O* interaction energies could favour such hydrogen-bond networks. Given the 
high exothermicity of OH* adsorption over b(e) sites compared to t(e), unless all edge-top sites 
are covered with OH* adsorbates forming a continuous hydrogen-bonded chain (network), the 
b(e) states are more stable. 
• Intra-facet mobility of ORR intermediates is assumed to be sufficiently fast. 
These assumptions are not anticipated to significantly influence the overall conclusions herein. 
 
Figure 5.3: Overall set of ODEs involved in a multifaceted surface model. 
Simulation approach 
The steady state solution to the balance equations in Figure 5.3 was obtained by solving coupled ODEs 
using the SciPy ODE package in Python 3.7, specifically the LSODA ODE solver [137] which 
automatically switches between the implicit Adams method and the stiff backward differential formula 
(BDF) method [138]. Given the long list of reaction steps and intermediates, integration seemed to be 
the most practical approach as opposed to solving a system of nonlinear equations. The integration 
time was adjusted to achieve steady state coverage and rates of individual species and reaction steps, 
respectively. Furthermore, the absolute and relative tolerances were set to 10-14 and 10-13, respectively. 
The latter settings were necessary to get converged solutions, especially from the BWA and QCA 
simulations. 
Simulation conditions 
Similar to Chapter 4, a stoichiometric gas composition (0.33 bar O2 and 0.67 bar H2 no water) at 1 bar 





= ∑ vij ቂrj(θl)𝜒Pt{100}ቃj ቁl=1,  … N
  






= ∑ vij ቂrj(θk)𝜒Pt{111}ቃj ቁk=1,  … N
  





= ∑ vij ቂrj(θk)𝜒𝑒𝑑𝑔𝑒ቃj ቁk=1,  … N
  
∑ 𝜃𝑗,𝑒𝑑𝑔𝑒𝑗 = 1  
rj,edge → {100} = k+j,diffθj,edgeθ∗,{100} 
rj,edge ← {100} = k−j,diffθj,{100}θ∗,edge 
rj,edge → {111} = k+j,diffθj,edgeθ∗,{111} 
rj,edge ← {111} = k−j,diffθj,{111}θ∗,edge 
5.3  ORR energetics over Pt NW edge sites 
 
--( 88 )-- 
solution (surface coverages) is used to compute steady state kinetic rates. A temperature range of 300 
K to 900 K was considered for SA, BWA and QCA simulations.  
Analyses 
This Chapter considers three types of analyses, viz. ORR activity, ORR pathway and degree of rate 
control (DRC), similar to considerations in Chapter 4. The activity comparison is done by comparing 
intrinsic kinetic rate from each facet to the ones predicted in Chapter 4 for the same surface type under 
the same simulation conditions. The DRC analysis considered either H2O* desorption from Pt{111} 
or Pt{100} as a key reaction step. This makes sense considering the difference in ORR rates of the 
Pt(111) and Pt(100) surfaces. Looking at a combined effect would mask interesting features of the less 
active surface type. Overall control will however be based on relative distribution of the site types and 
their respective activities. It should be noted that a linear combination of rates from Pt{111} and 
Pt{100} facets in coupled multi-faceted systems is different to current reported studies. The intrinsic 
ORR rates predicted from coupled multi-faceted surfaces already incorporate inter-facet dependency.  
5.3  ORR energetics over Pt NW edge sites 
In addition to facilitating inter-facet exchange of ORR intermediates, edge sites can be directly 
involved in the ORR catalysis. It has already been noted that O2* diffusion from b
(e) sites towards 
b(0e)/b(00e) sites results in a dissociated state of two O* atoms each adsorbed over a b(0e) site 
(Chapter 3)—the oxygen-oxygen bond dissociation is an important step in the ORR mechanism—its 
dissociation barrier over the edge towards the {100} facet was calculated to be 0.642 eV. This section 
presents calculated ORR energetics over edge and near-edge sites. These energies are calculated using 
DFT and the same Pt NW model, as in Chapter 3, with two Pt atoms along the NW axis in the periodic 
unit cell. 
5.3.1  O2* dissociation 
Four unique O2* dissociation paths over edge sites were investigated, viz. O2
b(e) → 2Ob(e), O2
b(e) → 
2Ob(0e), O2
b(e) → Ob(e) + Ob(0e) and O2
b(e) → Ob(e) + Of(1e). Table 5.3 illustrates the different dissociation 
processes (Figure E8.1 presents corresponding PES diagrams) and the associated reaction energetics 
are summarized in Table 5.2 (for all ORR processes at edge region). Transition states for O2
b(e) → 
2Ob(0e) and O2
b(e) → Ob(e) + Of(1e) were located, optimised and verified (based on vibrational analyses). 
Whilst a maximum was located for the O2
b(e) → 2Ob(e) step, its vibrational analysis produced two 
imaginary modes. The latter is not surprising given that the located transition state consists of two O* 
atoms each over a t(e) site. The largest of the two imaginary modes is parallel to the reaction coordinate 
whilst the other points in a perpendicular direction (similar to the transition state for O* diffusion 
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between b(e) and b(0e) sites). A transition state could not be located for the O2
b(e) → Ob(e) + Ob(0e) step; 
given the low diffusion barrier for Ob(0e) → Ob(e) (see Figure 3.4b), the final state of the latter O2* 
dissociation step can be obtained from the O2
b(e) → 2Ob(0e) step followed by O* diffusion to a vacant 
b(e) site. The lowest dissociation barrier for O2* over edge sites was calculated to be 0.642 eV for the 
O2
b(e) → 2Ob(0e) step (cf. 0.407 eV and 0.143 eV over Pt(111) and Pt(100) slabs, respectively). Other 
barriers were much higher, up to 1.2 eV for O2
b(e) → 2Ob(e) (see Table 5.2). Several studies have 
investigated O2 dissociation over edge sites of Pt(211) [152], Pt(321) kinked surface [153], 
n(111)x(111) high-index surfaces where n = 2, 3 and 4 [145], and model NPs [94,154]. The calculated 
activation energies vary significantly depending on the dissociation process and local environment to 
the edge. Over Pt(211) and Pt(321) the reported dissociation barriers are between 0.5 and 1.0 eV  
[152,153], over n(111)x(111) barriers vary between 0.09 eV and 0.16 eV [145] and over small NP 
models 0.38 eV and 0.69 eV [94,154]. The present study finds dissociation barriers consistent with 
Pt(211) surface and NP models surface despite the obvious differences in edge site environment. 
Table 5.2: Calculated reaction (𝜟𝒓𝒙𝒏𝑬) and activation (𝑬𝒂) energies for ORR steps over edge and near-edge 
sites of a Pt[5(111)x5(100)] NW model; all energy values are reported in eV. 
A) O2 dissociation B) O hydrogenation 
Reaction Δrxn𝐸 𝐸𝑎 Reaction Δrxn𝐸 𝐸𝑎 
O2b(e) → 2Ob(e) -0.720 1.189 Ob(00e) + Hb(e) → OHb(00e) -0.278 0.567 
O2b(e) → 2Ob(0e) -0.868 0.642 Ob(e) + Hb(00e) → OHb(e) -0.269 0.819 
O2b(e) → Ob(e) + Of(1e) -0.852 1.123 Ob(e) + Ht(1e) → OHb(e) -0.465 0.604 
 Of(1e) + Hb(e) → OHb(1e) 0.108 1.135 
 
C) OH hydrogenation D) OH coupling 
Reaction Δrxn𝐸 𝐸𝑎 Reaction Δrxn𝐸 𝐸𝑎 
OHt(e) + Ht(0e) → H2Ot(e) -0.355 0.916 OHb(e) + OHb(00e) → H2Ot(e) + Ob(00e) 0.463 0.486 
OHt(0e) + Ht(e) → H2Ot(0e) -0.501 0.280 OHb(e) + OHb(00e) → H2Ot(0e) + Ob(e) 0.236 0.349 
OHb(e) + Ht(1e) → H2Ot(e) 0.132 0.886 OHb(e) + OHt(1e) → OHt(e) + OHb(1e) 0.280 0.433 
OHt(1e) + Hb(e) → H2Ot(1e) -0.358 0.565 OHt(e) + OHb(1e) → H2Ot(e) + Of(1e) -0.073 0.109 
 OHb(e) + OHt(1e) → H2Ot(1e) + Ob(e) -0.097 0.041 
 
E) H transfer between edge/near-edge O/OH 
Reaction Δrxn𝐸 𝐸𝑎 Reaction Δrxn𝐸 𝐸𝑎 
OHb(1e) + Ob(e) → Of(1e) + OHb(e) -0.184 0.438 OHb(e) + Ob(00e) → Ob(e) + OHb(00e) -0.118 0.087 
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Table 5.3: Illustration of O2 dissociation over edge and near-edge sites of a Pt[5(111)x5(100)] NW model. 
















































   
 
5.3.2  O* hydrogenation 
Atomic oxygen adsorbed over edge and near-edge sites can be hydrogenated by neighbouring H* 
adsorbates forming either edge or near-edge OH* intermediates. Four O* hydrogenation reaction steps 
at edge and near-edge sites were probed. O* on edge sites can be hydrogenated by H* adsorbed on 
either t(1e)/b(1e)/f(1e) site on the Pt{111} facet or b(00e)/t(0e) site on the Pt{100} facet. On near-edge sites, 
O* on f(1e) or b(00e) can be hydrogenated by H* on b(e)/t(e) sites; resulting in a vacant edge site with the 
OH* occupying a near-edge terrace site, i.e. b(1e) or b(00e). Figure E8.2 and Table 5.4 presents PES and 
illustrations of these reaction steps, respectively. O* hydrogenation barriers, at edge and near-edge 
sites, range from 0.567 eV to 1.135 eV. Compared to O* hydrogenation over a Pt(111) slab surface, 
the (near-)edge barrier (forming OH on b(e) from O* on b(e) plus H* on t(1e)) is 0.365 eV lower. On the 
other hand, O* hydrogenation over edge sites in reactions involving H* from b(00e) sites has a barrier 
of 0.819 eV (cf. to 0.538 eV over Pt(100) slab surfaces)—moreover, for O* hydrogenation at near 
edge sites, i.e. O* over b(00e) plus H* over b(e), the reaction barrier is 0.567 eV comparable to the same 
reaction over extended Pt(100) surface (see Table 5.2 and Table 4.3 Chapter 4). Considering that O* 
adsorption on b(e) sites is ca. 0.3 eV stronger than over extended Pt(100) b(0) sites, it becomes clear that 
O* hydrogenation at edge sites is equivalent to the same process over Pt(100) surface and the 
difference is only due to strong adsorption of O* on b(e) sites. 
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Table 5.4: Illustration of O hydrogenation over edge and near-edge sites of a Pt[5(111)x5(100)] NW model. 















































































   
 
5.3.3  OH* hydrogenation 
Over a Pt(111) surface, OH* hydrogenation follows the path OHt(1) + Ht(1) → H2O
t(1) with an activation 
energy of 0.176 eV. Over a Pt(100) surface the activation energy for OH* hydrogenation is much 
higher at 0.886 eV, for the OHb(0) + Hb(0) → H2O
t(0) path. Hydrogenation of OH at edge and near-edge 
sites on the Pt{111} facet side was probed for the following steps, OHb(e) + Ht(1e) → H2O
t(e) and 
OHt(1e) + Hb(e) → H2O
t(1e) (see Table 5.5)—the corresponding activation energies were 0.886 eV and 
0.565 eV, respectively (see Table 5.2). OH* hydrogenation steps involving edge and Pt{100} bound 
intermediates proceed via OHt(e) + Ht(0e) → H2O
t(e) or OHt(0e) + Ht(e) → H2O
t(0e) with respective 
activation energies of 0.91 eV and 0.280 eV (see Figure E8.3 and Table 5.2). For initial states with 
OH*/H* on bridge sites reasonable transition states could not be located—this is not surprising since 
adsorbates undergo both internal-rotation and diffuse at the same time. For the latter two OH* 
hydrogenation steps, the overall activation energies will be higher since the initial state will be OH* 
over b(e) sites not t(e)/t(0e) sites (this can be calculated using data from Chapter 3 and Table 5.2, see 
reactions 13 and 14 in Table E7.3). 
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Table 5.5: OH hydrogenation over edge and near-edge sites of a Pt[5(111)x5(100) NW model. 



















































































   
 
5.3.4  OH* coupling 
As was observed for the case of ORR over extended surfaces, over the edge, two co-adsorbed OH* 
intermediates can couple to form H2O* and O* intermediates occupying edge and near-edge sites. 
These reaction steps provided a less activated pathway for OH* or O* reduction over Pt(100) and 
Pt(111) surfaces, respectively. The present analysis investigates coupling reactions resulting in H2O* 
over t(e), t(1e) and t(0e) sites (see Table 5.6). Compared to other edge and near-edge ORR steps, 
OH*-OH* coupling reactions have much lower activation energies (see Figure E8.4 and Table 5.2). 
Energetically, these OH*-OH* coupling reaction steps are comparable to equivalent reactions over 
extended surfaces (see Tables 4.1 and 4.2 in Chapter 4 and Table 5.2). 
5.3.5  H—transfer over edge 
Noting that OH*-OH* coupling over both Pt(111) and Pt(100) surfaces is a relatively facile reaction 
pathway for O* and OH* removal, respectively (see in Chapter 4 Table 4.1 and 4.2)—an additional 
reaction steps involving H- transferred between O* and OH* adsorbed on edge and near-edge sites is 
considered. These reaction steps provide alternative pathways for oxide hydrogenation and may also 
be at play in intra-facet pathways, especially under surface diffusion limit. The two key reaction steps 
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considered are (a) OHb(1e) + Ob(e) → Of(1e) + OHb(e) and (b) OHb(e) + Ob(00e) → Ob(e) + OHb(00e) (see 
Table 5.2 and Table 5.7). As expected, these reaction steps have rather low activation energies—
especially the H- transfer between edge and Pt{100} sites. This also suggests that over Pt(100) surface 
H- transfer between OH* and O* will likely be fast in an OH* - O* co-adsorbed cluster, the proton 
will be shared between the two O atoms in a superposition manner. Figure 3.10 shows that on Pt(100) 
the exchange of H between a co-adsorbed cluster of OH* and O* also has a very low energy barrier of 
0.063 eV. 
Table 5.6: Illustration of OH coupling over edge  and near-edge sites of a Pt[5(111)x5(100) NW model. 
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Table 5.7: Illustration of H transfer over edge sites of a Pt[5(111)x5(100)] NW model. 





















































   
 
5.4  ORR activity over multifaceted Pt surface 
The ORR activity over multifaceted Pt surfaces, consisting alternating Pt{111} and Pt{100} facets, 
was investigated using different microkinetic models, viz. SA, BWA and QCA. The aim was to 
investigate the role and effect of inter-facet coupling on the ORR activity and mechanism compared 
to respective isolated/extended surfaces. Whilst a simplified model consisting of an equal number of 
Pt{111} and Pt{100} sites was used, the ratio of edge sites to terrace sites was varied, taking three 
values, 1.00, 0.34 and 0.04. These correspond to three multifaceted Pt surface models, namely 
χedge(1.00), χedge(0.34) and χedge(0.04); the latter models modulate the coupling of the Pt{111} and 
Pt{100} facets, giving insight into what happens when fewer edge sites are available to facilitate inter-
facet exchange of reaction intermediates. The χedge(1.00), χedge(0.34) and χedge(0.04) models 
roughly correspond to 4 – 6 nm, ca. 10 nm and > 10 nm cuboctahedral NPs, respectively (see 
Figure 2.1a). Hexagonal NW models are better approximated by the χedge(0.04) model (see 
Figure 2.1c). 
The available data considers the inter-facet exchange of O2*, O*, H*, OH* and H2O*, as well as the 
interfacial ORR steps between edge and terrace sites; O2* hydrogenation and OOH* dissociation 
reactions are excluded at this interface. The system energetics were determined in Chapters 3 and 4, 
and Subsection 5.3. The coverage corrected reaction energetics are summarized in Table E7.3 in 
Appendix E and the raw model inputs given in Appendix E4. In the next subsections, the intrinsic 
ORR activity from Pt{111} and Pt{100} terraces is compared with Pt(111) and Pt(100) ORR activities, 
respectively. 
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5.4.1  ORR activity over multifaceted surfaces: 𝛘𝐞𝐝𝐠𝐞(𝟏. 𝟎𝟎) model 
The χedge(1.00) model corresponds to a multifaceted surface with a 1:1:1 distribution of Pt{111}, 
edge and Pt{100} surface sites, respectively. Within the SA, BWA and QCA models, the surface types 
are also assumed to be sufficiently large. Figure 5.4 presents a summary of intrinsic ORR rates (H2O* 
desorption) from individual surface types (a) and the corresponding surface coverage of major species 
(b) as predicted by the SA model. The BWA and QCA model predictions under the same conditions 
are presented in Figures 5.6 and 5.8, respectively. 
Coverage independent ORR over a 𝛘𝐞𝐝𝐠𝐞(𝟏. 𝟎𝟎) surface, SA model 
The ORR rate from Pt{100} facets is higher than that predicted over extended slab surfaces, i.e. 
Pt(100), over the whole temperature range studied (see Figure 5.4a). Moreover, this rate is higher than 
the rate from the Pt{111} facet despite the rate of H2O* desorption from Pt(111) being higher than 
Pt(100) rates at a low temperature range. Based on the data presented in Figure 5.4, the intrinsic ORR 
rates increase in the order Pt(100) << Pt{111} ≈ Pt(111) ≈ edge << Pt{100} at a low temperature range, 
while at high temperatures the rates increase in the order Pt(111) << Pt{111} < edge << Pt(100) < 
Pt{100}. Overall, it is clear from this data that the intrinsic ORR rates over multifaceted surfaces are 
much higher than equivalent slab surfaces. 
 
Figure 5.4: SA model predicted ORR activities over a 𝝌𝒆𝒅𝒈𝒆(𝟏. 𝟎𝟎) multifaceted surface model, (a) H2O 
evolution rates and (b) surface coverage over {111} facet (—), {100} facet (− − −) and edge sites (∙∙∙∙∙). 
The coverage profiles also give useful insight into what happens when a {111} facet is connected to a 
Pt{100} facet (see Figure 5.4b). This also explains the observed activity trends shown above. An 
interesting behaviour observed over Pt(100) was the sharp decrease in the O* coverage from ca. 1 ML 
to 0.2 ML around 700 K, this was concomitant with a sharp increase in ORR rate (see Figure 4.5 


















































5.4  ORR activity over multifaceted Pt surface 
 
--( 96 )-- 
Unsurprisingly, the surface coverage profiles over the different facets and edge are strongly coupled 
(shown in Figure 5.4b). Moreover, despite the sharp decrease in O* over Pt{100} sites at ca. 560 K, 
the intrinsic rate over Pt{100} does not show a similar behaviour, i.e. ignition point, as seen on Pt(100). 
Due to inter-facet cooperation, the Pt{100} facet is no longer severely poisoned by O* at low 
temperatures (cf. Pt(100) surface) as a result of inter-facet reactions and intermediate exchange (see 
Figure 5.4b). 
The dominant adsorbates on edge sites at high temperatures are O*, H* and OH*; in contrast, over the 
Pt{111} and Pt{100} facets H* is the only dominant adsorbate. Further analysis of the reaction 
pathway shows the nature of this facet inter-dependency (see Figure 5.5). Figure 5.5 presents the 
reaction pathway analyses for ORR from Pt{111} facet (a) and Pt{100} facet—obtained from dividing 
all steady state rates by the H2O evolution rate from Pt{111} and Pt{100} facets, respectively (the sign 
indicates direction of the reaction as written on each figure, positive = forward). At low temperatures, 
i.e. T < 560 K, the ORR on Pt{111} follows a peroxyl pathway forming OH* via OOH* dissociation 
with the resulting O* being hydrogenated via proton exchange between edge OH* and terrace O* (see 
Figure 5.5a). The resulting OH* intermediates participate in OH*-OH* coupling reactions at the near 
edge region (involving edge OH* species) at T < 420 K. At 420 K < T < 560 K, a combination of OH* 
hydrogenation and OH*-OH* coupling at the near-edge region is responsible H2O* formation. Direct 
O2* dissociation at T < 560 K contributes less than 23% in the ORR. At much higher temperatures, 
OH* coupling at near-edge sites results in the H2O* formation over the {111} facet—this H2O* makes 
up the majority of H2O desorbing from Pt{111} (see Figure 5.5a). Above 500 K the OH* diffuses from 
the edge sites toward the {111} facet where it participates in the OH*-OH* coupling reaction forming 
H2O* on a Pt{111} facet and O* on an edge site (see Figure 5.5a). In essence, the high ORR rate 
calculated above 500 K (compared to ORR from Pt(111) surface) is due to facile OH* diffusion and 
OH*-OH* coupling at near-edge sites (see Figure 5.5a). 
Over the Pt{100} facet, the ORR pathway follows O2* dissociation → H-transfer from OH* on edge 
to O* on Pt{100} facet site (results in OH* over a Pt{100} facet) → 52% (OH*-OH* coupling over 
Pt{100} facet) and 48% (OH*-OH* coupling near edge) at T < 540 K. Above 540 K, the ORR follows 
the path O2* dissociation → O* hydrogenation → OH*-OH* coupling near edge (see Figure 5.5b). 
The majority of OH* on the edge is formed from the hydrogenation of O* on edge by H* on Pt{111} 
facet especially at T < 560 K (see Figure 5.5b). Over both Pt{111} and Pt{100} the ORR pathway is 
clearly influenced by contributions from the edge sites and not bound by the same bottlenecks as the 
isolated surfaces (Chapter 4). In particular, O* over Pt{111} and Pt{100} are strongly coupled and 
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their surface coverage decrease onset at a similar temperature, 460 K; also similar to Pt(111) under 
similar modelling conditions. 
 
Figure 5.5: SA model predicted ORR pathway over a 𝝌𝒆𝒅𝒈𝒆(𝟏. 𝟎𝟎) multifaceted surface model, (a) Pt{111} 
and (b) Pt{100}; processes on Pt{111} facet (—), Pt{100} facet (− − −)  and involving edge species (∙∙∙∙∙). 
Negative values indicate that the reverse reaction contributes to the H2O evolution rate. 
Coverage dependent ORR over a 𝛘𝐞𝐝𝐠𝐞(𝟏. 𝟎𝟎) surface, BWA and QCA 
Intrinsic ORR activity, surface coverage, reaction pathway and rate limiting steps were also 
investigated using BWA and QCA models over a multifaceted surface model. Figures 5.6 and 5.7 
present the modelled ORR activities over a 𝜒𝑒𝑑𝑔𝑒  (1.00) surface model and corresponding pathway 
analysis based on the BWA model, respectively. Similar results from the QCA model are presented in 
Figures 5.8 and 5.9. As a general note, ORR rates over Pt{111} and Pt{100} are higher than on 
equivalent slab surfaces above 500 K. Below 500 K the ORR from Pt{111} approximates the rate over 
Pt(111) whilst over Pt{100} the rate is significantly lower than the rate from Pt(100) (see Figures 5.6 
and 5.8). At high temperatures the ORR rate increases in the order Pt(111) << Pt{111} < edge << 
Pt(100) < Pt{100} whilst at low temperatures, ~ 400 K, the order is Pt(111) ≈ Pt{111} ≈ edge < 
Pt{100} << Pt(100) for both BWA and QCA models (see Figure 5.6 and 5.8). 
The dominant surfaces species is H* on all three surface regions, i.e. {111}, {100} and edge. It also 
appears that due to the connectivity, the H* coverage over Pt{100} facet is ~ 1 ML at T < 600 K. As 
a result, the O* and OH* coverages which were at least 0.1 ML over Pt(100) are now ~ 3 orders of 
magnitude lower. This decrease in O* and OH* coverage and increase in H* over Pt{100} can explain 
the predicted decrease in ORR rates on Pt{100} compared to Pt(100) rates (see Figure 5.6 and 5.8). 
This is due to the diffusion of H* from Pt{111} toward Pt{100} at low temperatures (see Figure G4.3b 
in Appendix G). Figure G4.3a shows that at T < 460 K the adsorption of H2 on Pt{100} is nearly zero 
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predicts a slightly similar behaviour (see Figure G4.4). Above 500 K, H2 adsorbs on Pt{100} facets 
and then H* adsorbates diffuse toward the Pt{111} facet where some H2 evolution occurs in addition 
to H2O desorption. 
 
Figure 5.6: BWA model predicted ORR activities over a 𝝌𝒆𝒅𝒈𝒆(𝟏. 𝟎𝟎) multifaceted surface model, (a) H2O 
evolution rates and (b) surface coverage over Pt{111} facet (—), Pt{100} facet (− − −) and edge sites (∙∙∙∙∙). 
 
Figure 5.7: BWA model predicted ORR pathway over a 𝝌𝒆𝒅𝒈𝒆(𝟏. 𝟎𝟎) multifaceted surface model, (a) Pt{111} 
and (b) Pt{100}; processes on Pt{111} facet (—), Pt{100} facet (− − −) and involving edge species (∙∙∙∙∙). 
Negative values indicate that the reverse reaction contributes to the H2O evolution rate. 
Figures 5.7 and 5.9 present the reaction pathway analysis for the ORR, over Pt{111} (a) and Pt{100} 
(b) facets, as predicted by the BWA and QCA model, respectively. Over Pt{100} facets the ORR 
follows a unique pathway distinctly different from that on a Pt(100) surface (see Figures 5.7b and 
5.9b). Instead of O2* dissociation → O* hydrogenation → OH*-OH* coupling, over Pt{100} the 
pathway is more complex. At T < 580 K, the ORR proceeds via O2* dissociation → O* hydrogenation 
and H-transfer from edge OH* to O* on Pt{100} → OH*-OH* coupling near edge and over Pt{100} 
(see Figure 5.7b and 5.9b). At high temperatures O* hydrogenation at Pt{100} dominates the near 
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OH*-OH* coupling over Pt{100}, ~50%, in the entire temperature range (see Figure 5.9b). Both BWA 
and QCA models highlight the role of the edge in both generating edge OH* intermediates which are 
involved in the ORR process over both Pt{111} and Pt{100} facets and facilitating OH*/H* exchange. 
 
Figure 5.8: QCA model predicted ORR activities over a 𝝌𝒆𝒅𝒈𝒆(𝟏. 𝟎𝟎) multifaceted surface model, (a) H2O 
evolution rates and (b) surface coverage over Pt{111} facet (—), Pt{100} facet (− − −) and edge sites (∙∙∙∙∙). 
 
Figure 5.9: QCA model predicted ORR pathway over a 𝝌𝒆𝒅𝒈𝒆(𝟏. 𝟎𝟎) multifaceted surface model, (a) Pt{111} 
and (b) Pt{100}; processes on Pt{111} facet (—), Pt{100} facet (− − −) and involving edge species (∙∙∙∙∙). 
Negative values indicate that the reverse reaction contributes to the H2O evolution rate. 
Over the Pt{111} facet, the pathway predicted by both BWA and QCA has minor differences in 
fractional contribution of each key step—but the same steps are involved (see Figure 5.7a and 5.9a). 
At T > 500 K OH* diffuses from edge toward the Pt{111} facet. H2O* is then formed either via OH* 
hydrogenation and OH*-OH* coupling involving an edge OH* intermediate—OH* hydrogenation is 
dominant up to ~700 K (see Figure 5.7a and 5.9a). The ORR pathways over Pt(111) and Pt{111} are 
similar at low temperatures in that O2* hydrogenation (OOH* dissociation) dominates direct O2* 
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Additional simulations were also conducted to exclusively investigate the effect of inter-facet species 
exchange in the absence of edge and near-edge reactions (see Figures F2.1 and F2.2 in Appendix F). 
Based on the BWA model, there is no difference between ORR rates predicted with and without the 
inclusion of edge and near-edge ORR reaction steps. However, there are differences in the ORR 
pathway followed—without edge and near-edge reactions the pathway over Pt{111} follows a peroxyl 
mechanism at T < 500 K and at T > 500 K H2O* is form exclusively from the hydrogenation of OH* 
diffusing from Pt{100} to Pt{111} facet via an edge. Over the Pt{100} facet the ORR follows the 
dissociative pathway with OH* hydrogenation being dominated by OH*-OH* coupling. The ORR 
from edge sites in these cases is orders of magnitude lower as expected. The latter is expected since 
H2O* desorption from edge sites in this case only occurs because of H2O* diffusion from terrace sites. 
Given the low H2O* coverage on terrace sites, the diffusion rates of H2O* towards edge sites is slow. 
Degree of rate control analyses 
Degree of rate control analyses were conducted assuming a BWA model—looking at the influence of 
each reaction step on the rate of H2O* desorption from Pt{111} and Pt{100} facets (see Figures 5.10). 
On a Pt{111} facet, the ORR rate is controlled by various rates. At low temperatures, i.e. T < 500 K, 
O2* and O* hydrogenation reactions are partially rate limiting. This is actually in reasonable agreement 
with the prediction over Pt(111), although over Pt(111) O2* hydrogenation remains controlling up to 
ca. 700 K under the BWA model assumptions. At T > 500 K, a more interesting behaviour can be 
observed (see Figure 5.10a). Here OH* transfer from the edge to Pt{111} limits the ORR on Pt{111}—
this is also seen from effect of O2* dissociation over a Pt{100} facet. Because of its higher diffusion 
barrier, OH*(edge) → OH*(Pt{111}) diffusion is rate limiting and OH*(Pt{100}) → OH*(edge) is 
not. The ORR over Pt{100} is solely limited by O2* dissociation (see Figure 5.10b). Over Pt(100), O* 
hydrogenation limits the ORR at low temperatures, however due to H-transfer between edge OH* and 
{100} O* the demand on the O* hydrogenation step is reduced. Since the ORR rate from Pt{100} is 
at least 2 orders of magnitude higher than from Pt{111} and edge, the rate controlling steps for ORR 
from Pt{100} are the same as that for the overall ORR. The high coverage of the Pt{100} facet with 
H* adsorbates as a result of H* transfer from Pt{111} toward Pt{100} leads to low O2* dissociation 
rates because of fewer empty sites. The latter explains the deviation between the degree of rate control 
predicted on Pt(100) surfaces and that predicted on Pt{100} facets. Moreover, O2* dissociation as a 
rate limiting step on Pt{100} explains why the omitting edge-terrace reaction steps does not change 
the ORR rates (see Figures F2.1 and F2.2). 
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Figure 5.10: BWA modelled degree of rate control analysis over a 𝝌𝒆𝒅𝒈𝒆(𝟏. 𝟎𝟎) multifaceted Pt surface model 
(a) H2O* desorption from Pt{111} and (b) Pt{100}facets as key reactions; showing {111} facet (—), {100} 
facet (− − −) and over edge (∙∙∙∙∙) processes with significant effect on the ORR rates. 
5.4.2  ORR activity over multifaceted surfaces: 𝛘𝐞𝐝𝐠𝐞(𝟎. 𝟑𝟒)/(𝟎. 𝟎𝟒) models 
Over a χedge(1.00) multifaceted surface model, the intrinsic ORR activity from Pt{111} and Pt{100} 
facets was generally higher than the activity over Pt(111) and Pt(100) surfaces—this was argued to be 
caused by the participation of the edge in the facet reaction, e.g. H-transfer between edge bound OH* 
and terrace O* offers another pathway for O* removal as OH*, and inter-facet exchange of OH* 
adsorbates at higher temperatures. As a result of edge participation in the ORR, a natural question is 
what happens when there are fewer edge sites than terrace sites. The χedge(0.34) multi-faceted surface 
model considers a case where there are 3x as many {111}/{100} terrace sites as edge sites based on a 
{111}:edge:{100} ratio of 1:0.34:1. This is equivalent to scaling all reactions involving edge sites by 
a factor of 0.34 thereby adjusting the contribution of edge sites by considering their ratio to terrace 
sites. Given the similarities between ORR activity over a χedge(0.34) and χedge(0.04), only BWA 
model results are discussed. The QCA and SA model results are given in Appendix F2.2. 
Figure 5.11 presents ORR rates and surface coverage over χedge(0.34) and χedge(0.04) model 
surfaces based on BWA assumptions. Despite this adjustment in edge diffusion/reaction rates, the 
observed intrinsic ORR rates from Pt{111} and Pt{100} facets are still higher than over extended 
Pt(111) and P(100) surfaces at T > 540 K, respectively (see Figure 5.11a,c). The ORR rate from 
Pt{100} is higher than over all other surfaces considered in the whole temperature range (see 
Figure 5.11a,c). Moreover, at low temperatures the ORR rate profile from the Pt{111} facet 
approximates the rate from Pt(111)—this behaviour intensifies with a further decrease in edge rates, 
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Figures 5.11b,d). All this is expected given that slow diffusion and reaction rates at the edge affect the 
key steps in the ORR pathway over these multifaceted surfaces. 
 
Figure 5.11: BWA model predicted ORR activities over a (a,b) 𝝌𝒆𝒅𝒈𝒆(𝟎. 𝟑𝟒), and (c,d) 𝝌𝒆𝒅𝒈𝒆(𝟎. 𝟎𝟒) 
multifaceted surface models, (a,c) H2O evolution rates and (b,d) surface coverage over Pt{111} facet (—), 
Pt{100} facet (− − −) and edge sites (∙∙∙∙∙). 
The reaction pathway analyses results are presented in Figure 5.12 for the ORR over χedge(0.34) and 
χedge(0.04) model surfaces. The Pt{111} and Pt{100} facets respond differently to a decrease in the 
ratio of edge sites to terrace sites (see Figure 5.12). Here, the ORR pathway over Pt{111} approximates 
that over Pt(111) surfaces for temperatures below 500 K. At higher temperatures, the pathway involves 
OH* intermediates diffusing from the edge sites and near-edge reactions. The contribution of the OH* 
hydrogenation step also increases with the decreasing fraction of edge sites. Over the Pt{100} facet of 
a χedge(0.04) multifaceted surface model, the ORR pathway closely approximates the pathway over 
Pt(100). Despite the latter, the ORR rate over Pt{100} is still higher than over the Pt(100) surface 
above 540 K. The closer agreement between ORR on Pt{100} and Pt(100) at low temperatures on 
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Degree of rate control analyses were conducted for ORR from Pt{111} and Pt{100} facets of the 
χedge(0.34) and χedge(0.04) multifaceted surface models, these are shown in Figure 5.13. Over the 
Pt{111} facet the ORR rate controlling steps still include OH* diffusion from edge and O2* 
dissociation occurring on the Pt{100} facet, at high temperatures (see Figures 5.13). At lower 
temperatures the rate is controlled by the same steps as Pt(111) and Pt{111} of a χedge(1.00) 
multifaceted surface model. On the other hand, the ORR from a Pt{100} facet is controlled by O2* 
dissociation (see Figures 5.13). The other models also predict similar trends to the BWA model (see 
Appendix F2). 
 
Figure 5.12: BWA model predicted ORR pathway over (a,b) a 𝝌𝒆𝒅𝒈𝒆(𝟎. 𝟑𝟒) and (c,d) a 𝝌𝒆𝒅𝒈𝒆(𝟎. 𝟎𝟒) 
multifaceted surface models, (a,c) Pt{111} and (b,d) Pt{100}; processes on Pt{111} facet (—), Pt{100} facet 
(− − −)  and involving edge species (∙∙∙∙∙). Negative values indicate that the reverse reaction contributes to the 
H2O* evolution rate. 
5.5  Discussion and Conclusions 
This Chapter has investigated the ORR process over multifaceted Pt surfaces. The first step involved 
calculating the ORR energetics at edge and near-edge sites. The energy barriers were strongly 
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these data were incorporated in microkinetic analyses over multifaceted Pt surfaces—also included 
were the inter-facet diffusion of ORR intermediates. Microkinetic analyses were aimed at investigating 
the effect of inter-facet connectivity on the intrinsic ORR activity from each facet. 
 
Figure 5.13: BWA modelled degree of rate control analysis over (a,b) a 𝝌𝒆𝒅𝒈𝒆(𝟎. 𝟑𝟒) and (c,d) 𝝌𝒆𝒅𝒈𝒆(𝟎. 𝟎𝟒) 
multifaceted Pt surface models with H2O* desorption from (a,c) Pt{111} and (b,d) Pt{100} as key reactions; 
showing {111} facet (—), {100} facet (− − −) and over edge (∙∙∙∙∙) processes with significant effect on the ORR 
rates 
Generally, over multifaceted Pt surfaces the intrinsic ORR activity of each facet, i.e. Pt{100} and 
Pt{111}, is higher than over extended surfaces at moderate to high temperatures. Both inter-facet 
diffusion and near-edge reactions play a key role on the improved ORR activities. Over Pt{111} facets 
and above 500 K, the OH* diffusion from a Pt{100} facet, via an edge, becomes the only source of 
oxygen—no O2* adsorption occurs on this facet at these conditions. With a decreasing ratio of edge 
sites to terrace sites, the ORR rate controlling steps and pathway approach the behaviour predicted 
over extended surface—however, on a Pt{111} facet of a χedge(0.04) model, the ORR activity is still 
influenced by edge and Pt{100} processes at high temperatures. This is responsible for improved ORR 
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steps the intrinsic ORR activity from Pt{111} and Pt{100} facets of multifaceted surface models is 
still higher than over extended surfaces at T > 540 K. The present results agree, in part, with 
Komanicky et al., [34,36] regarding a cooperative behaviour of adjacent Pt{111} and Pt{100} facets. 
However, in the present study OH* diffuses from Pt{100} to Pt{111} contrary to the postulate of 
Komanicky et al., [34,36] who suggests oxygen diffusion to Pt{111} terraces. This study further 
suggests that the effect of inter-facet cooperation on the ORR is temperature dependent and model 
specific. 
In summary, present models give a clear indication of how inter-facet exchange of species and 
reactions at terrace-edge boundaries affect the intrinsic ORR activity—and ultimately the overall ORR 
activity. A key limitation in the mean-field models is that lateral interactions at surface boundaries are 
ignored. However, inclusion of these should not significantly change the predicted results because the 
largest repulsive interactions are already included. The strong contribution of near-edge processes 
coupled with the low diffusion barrier of OH* over Pt(111) makes the model predictions more 
probable. Whilst the present results confirm the limitation of literature studies approximating the 
overall ORR activity as a linear combination of activities from constituent surfaces, this limitation is 
only significant at very high temperatures, i.e. > 500 K, and would likely not be relevant for low 
temperature ORR in fuel cells and metal-air batteries. Therefore, to address this, intermediate exchange 
rates could be manipulated via surface alloying. 
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6.1  Introduction 
Thus far, the ORR over extended and multifaceted Pt surfaces has been discussed based on both density 
functional theory and mean-field microkinetic modelling. In a bid to investigate the intrinsic ORR 
activity over each surface, viz. Pt(111), Pt(100), Pt{111} and Pt{100}, it was found that the edge plays 
a role in enabling inter-facet mixing and participates in H-transfer at near-edge regions. Above 500 K, 
the ORR activity is controlled by inter-facet diffusion of OH* and O2* dissociation over a Pt{111} 
and Pt{100} facet, respectively. This behaviour is particularly interesting since it points towards an 
opportunity for rational design—where facet boundaries are modified to (selectively) improve species 
exchange between facets. Over multifaceted Pt surfaces this exchange is only significant above 500 K, 
well outside the conditions of interest in PEM fuel cell and metal-air battery applications. In Chapter 3 
it was argued that at edge sites both O* and OH* adsorb too strongly and consequently result in a deep 
well in the PES—limiting the inter-facet exchange of these intermediates. 
Wei and Liu [126] suggested a NP model where the edges are decorated by Au atoms—this was mainly 
suggested to improve the stability of Pt NPs at high electrode potentials since Au can suppress 
oxidation of undercoordinated Pt atoms at edge and corner sites. They found O2 to adsorb more 
strongly and dissociate with a lower barrier on Pt{111} facets of Au decorated Pt NPs compared to 
pure Pt NPs. From this they argued that Au modification will also improve the ORR activity. Other 
structures involving edge modification were recently discussed by Kodama et al. [155] and Liu et al. 
[156]. Kodama et al. [155] electrochemically deposited single atomic rows of Au atoms along the step 
sites of Pt(211), Pt(322) and Pt(755) single-crystal surfaces—the modified stepped surfaces exhibited 
higher ORR activities compared to equivalent unmodified surfaces. Similar to Wei and Liu [126], 
Kodama et al. [155] argued that the improvement in ORR activity was due to enhanced local ORR 
activities on Pt{111} terraces. However, Kodama et al. [155] argues that the ORR activity increases 
as a result of further disruption in the H-bond networks or suppression of oxide formation near 
                                                 
‡‡ Partially published in Ref. [171] 
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modified edges—this disruption in H-bonding networks has also been reported for unmodified stepped 
surfaces [32,144]. Liu et al. [156] prepared ultrathin Pd9Au NWs followed by the underpotential 
deposition of a Cu monolayer and a galvanic displacement of Cu0upd with Pt
2+. The resulting structures 
were argued to be composed of a Pd core and a Pt shell with Au occupying edge sites. DFT calculations 
and extended X-ray absorption fine structure (EXAFS) spectroscopy analyses were used to 
substantiate this claim. The measured ORR activity from this structure was higher than that measured 
over ultrathin PtPd NWs [157]. 
Based on results presented in Chapters 3 – 5, it is clear that modification of multifaceted Pt surfaces 
may lead to improved ORR activities via formation of new boundary sites or improved inter-facet 
exchange of reaction intermediates. Oxygen containing species (OCS*) adsorb weakly over Au and 
Ag compared to Pt surfaces [29]. Therefore, modifying the Pt NW edges with Au or Ag may result in 
a flattened PES for inter-facet exchange of OCS*. Although surface energies of Au and Ag are lower 
than Pt [13], surface segregation of these modifiers does not guarantee preferential occupation of 
edge/corner sites. Based on the Wulff construction theorem [12] and differences in surface energies 
between the modifiers and Pt, equilibrium NWs/NPs should have Au and Ag at the surface. Strain 
effects, as a result of lattice size mismatch [99], should also provide an additional driving force for 
surface segregation of Au and Ag at low concentrations [158], unless the Pt-Au or Pt-Ag mixing 
enthalpy is higher. 
Given this information, surface deposition of Au/Ag on Pt NW/NP surfaces followed by thermal 
annealing may provide a way to synthesise edge-decorated Pt NWs/NPs. Provided galvanic 
replacement of a Cu monolayer on Pt NWs/NPs with a mixed solution of Pt2+ and M (M = Au+ and 
Ag+) leads to a stoichiometric PtM monolayer [159], thermal or electrochemical annealing may be 
used to drive further segregation leading to migration of M atoms towards edge/corner sites. Empirical 
force field methods have been used quite extensively to study segregation behaviour of mixed metallic 
systems [160–166]. In particular, surface segregation of Au has been reported in PtAu NPs [163,167]. 
However, these studies considered relatively high Au contents. 
This Chapter investigates the diffusion properties of ORR intermediates over Pt NWs with Au and Ag 
decorated edges, i.e. Au/Pt and Ag/Pt. First the selection of a modifier is justified in Section 6.3 and 
in Section 6.4 the energetics are discussed. Sections 6.5 and 6.6 discuss the microkinetic modelling of 
the ORR activity and pathway over Au/Pt and Ag/Pt multifaceted surfaces, respectively. 
6.2  Methods and surface models 
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6.2  Methods and surface models 
6.2.1  Surface model 
Additional DFT calculations were performed on edge modified Pt NW models, i.e. where an entire 
edge atomic row of Pt atoms is replaced with Au/Ag atoms (see Figure 6.1). The DFT parameters were 
kept at the values given in Chapter 2. Various surface sites, between the Pt{111} and Pt{100} facets, 
were probed with O2*, O*, H*, OH* and H2O* to find the potential energy surface for inter-facet 
diffusion. Data obtained was then used in microkinetic modelling. 
  
Figure 6.1: Surface models for unmodified, Au and Ag modified Pt NWs. 
6.2.2  Molecular dynamics simulations 
Classical molecular dynamics (MD) simulations were conducted using DL_POLY Classic [168], to 
investigate the thermal and segregation properties of Au and Ag modified Pt NWs (see Figure 6.2). 
Simulations were conducted using canonical ensemble (NVT) sampling with an Evans thermostat 
[169] and  the Velocity Verlet algorithm to integrate equations of motion. A time step of 2 fs was used 
with a total simulation time of 4 ns to ensure sufficient time for equilibration of the segregation 
behaviour. Interatomic interactions between two atoms were described based on Sutton-Chen potential 
[170] and the total energy of a system of atoms was calculated as, 













𝑗≠𝑖                                                           6.1 
where 𝜖, is the interaction energy parameter whilst 𝑟𝑖𝑗, and 𝑎 are the distance between atoms 𝑖 and 𝑗 
and lattice parameter, respectively. 𝑚 and 𝑛 are integer parameters chosen such that 𝑚 > 𝑛. A 
complete set of these parameters can be found in Ref. [171]. Homonuclear interaction energy 
parameters (𝜖) were obtained from Kimura et al. [172]—for heteronuclear interactions mixing rules 
Pt NW Au/Pt NW Ag/Pt NW 
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were applied [171]. MD simulations were conducted at temperatures ranging from 300 K to well above 
the melting point which was identified using the Steinhardt bond order analyses [173]. The main 
purpose of these thermal annealing simulations was to ascertain if the pristine edge decorated NWs 
(shown in Figure 6.2) were stable. 
 
Figure 6.2: Illustration of a an edge-modified hexagonal Pt NW model with 8 atomic rows along each terrace. 
6.2.3  Microkinetic simulations 
The simulation assumptions, approach, conditions and data analyses performed in this Chapter are 
based on Chapter 5. Therefore, direct comparison is possible between predicted results. The intrinsic 
ORR activities of Au/Pt{111}, Au/Pt{100}, Ag/Pt{111} and Ag/Pt{100} facets are discussed and 
compared to ORR activities of Pt(111)/{111} and Pt(100)/{100} extended/terrace sites of unmodified 
Pt surfaces. As was the case in Chapter 5 three multifaceted surface models are considered, these are 
𝜒𝑒𝑑𝑔𝑒,𝑀(1.00), 𝜒𝑒𝑑𝑔𝑒,𝑀(0.34) and 𝜒𝑒𝑑𝑔𝑒,𝑀(0.04 ) multifaceted models with M = Au and Ag 
6.3  Selection of edge modifier 
Selection of candidate edge modifiers requires consideration of (i) reactivity toward OCS*, (ii) 
electrochemical stability, i.e. standard reduction potential, and (iii) surface/cohesive energy relative to 
Pt. Elements around Pt on the periodic table were compared to Pt in terms of requirements (i) to (iii) 
(see Table 6.1). Elements with a lower cohesive/surface energy than Pt will likely prefer to segregate 
to the surface as desired in this study. Moreover, elements with a more positive reduction potential 
will be more suitable for application under ORR conditions. Cohesive energy data was obtained from 
Ref. [100] and the standard reduction potentials from Ref. [174]. The reactivity towards OCS* was 
calculated based on DFT using hexagonal NW models whose edges were replaced with M (M = Ru, 
Rh, Pd, Ag, Os, Ir and Au)—the data is reported in Table 6.1. From this information it was found that 
only Pd, Ag and Au satisfied the three requirements—Rh has a marginally lower cohesive energy than 
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how to prepare Pt NWs/NPs with modified edges. A mixed-metal monolayer on Pd was prepared by 
Zhang et al. [159] using a galvanic replacement method in a two component solution. It was further 
argued that the monolayer composition corresponded well with the solution composition [159]. 
Table 6.1: Thermodynamic properties of near-Pt elements, suitable (green)/unsutiable (red) as edge modifiers. 
 Ru Rh Pd Ag 
E0 [V], vs. SHE 0.46 0.60 0.95 0.80 
Ecohesive [kJ/mol] 650 554 376 284 
Eads, O [eV/O] -3.33 -2.39 -1.00 0.35 
Eads, OH [eV/OH] -3.67 -3.04 -2.34 -1.97 
     
 Os Ir Pt Au 
E0 [V], vs. SHE  1.15 1.18 1.50 
Ecohesive [kJ/mol] 788 670 564 364 
Eads, O [eV/O] -3.97 -2.82 -1.58 -0.12 
Eads, OH [eV/OH] -4.16 -3.22 -2.54 -1.79 
 
Following the method of Zhang et al. [159] upon the replacement of Cu0upd with a Pt:Au, Pt:Ag and 
Pt:Pd mixed monolayer, thermal annealing can be used to effect surface segregation. Classical 
molecular dynamics simulations have been performed to investigate the segregation behaviour of 
modified Pt NWs [171]. In this study, thermal annealing of an edge decorated Pt NW (see Figure 6.2) 
was simulated to ascertain whether edge Au and Ag would remain at edge sites, or segregate toward 
surface or subsurface sites. Despite a poor prediction of the bulk melting temperature of Pt by Sutton-
Chen potential methods, DFT calculated segregation energies verified that the predicted segregation 
behaviour for the PtAu and PtAg systems was at least reliable [171]. 
Figure 6.3 presents the molecular dynamic simulation results detailing the trace trajectories of Au/Ag 
atoms between 2 and 4 ns of the simulations at different temperatures. It is clear that Au and Ag atoms 
remain on the surface layer even at near-melting point temperatures. However, these atoms do not 
appear to be preferentially stable at edge sites. In fact, there is substantial Au/Ag enrichment on 
Pt{100} facets (see Figure 6.3) [171]. Energy minimisation simulations show that the low energy 
structures of Pt9Au and Pt9Ag NW systems
§§ have Au atoms on the surface and Ag atoms mostly on 
the surface with a few atoms in the 2nd and 4th subsurface layers, respectively [171]. The key conclusion 
from this is that both Au and Ag atoms populate the surface layer—therefore, these were chosen as 
                                                 
§§ The total energy of hexagonal nanowire models with randomly distributed Au/Ag and Pt atoms was optimized/minimised 
by successive atomic swaps in order to obtain the most stable atomic configuration for a given system [171]. 
CHAPTER 6: Overall ORR Activity over Au and Ag modified Multifaceted Pt Surfaces 
 
--( 111 )-- 
candidate edge modifiers. According to MD simulations, Pd atoms in PtPd systems diffuse toward the 
core [171]. Therefore, the Pd modification was not considered further for now. 
            
Figure 6.3: (a) Final structure (top) and merged structures (trajectories) between 2 ns and 4 ns at 0.008 ns time 
steps (bottom) from an Au/Pt NW simulation. Left to right: 800 K, 900 K and 1000 K (b) Final structure (top) 
and merged structures (trajectories) between 2 ns and 4 ns at 0.008 ns time steps (bottom) from an Ag/Pt NW 
simulation. Left to right: 800 K, 900 K and 1000 K [171]. 
6.4  ORR intermediates on Au/Pt and Ag/Pt NW surfaces 
The adsorption of various ORR intermediates, i.e. O2*, O*, H*, OH* and H2O*, over edge and terrace 
sites of Au/Pt and Ag/Pt NW models was investigated. The DFT-calculated adsorption energies at 0 K 
without zero-point energy corrections are presented in Figure 6.4 for each reaction intermediate. 
6.4.1  H* adsorption 
The adsorption energy of H* is -0.526 eV and -0.688 eV over Pt(111) and Pt(100) surfaces, 
respectively—over b(e) and t(e) sites H* adsorbs with an energy of -0.748 eV and -0.549 eV, 
respectively. Modification of Pt NW edges with Au or Ag does not seem to significantly influence the 
adsorption energy of H* over terrace sites—adsorption over Au/Ag modified edge sites is however 
weaker than over unmodified Pt NW edges (see Figure 6.4a). Moreover, over Ag modified edges H* 
adsorption is endothermic, 0.220 eV on t(e) sites and 0.218 eV on b(e) sites, whilst over Au modified 
b(e) sites the adsorption energy is -0.157 eV (i.e. 0.590 eV weaker than over pure Pt NW edges) and is 
0.117 eV on t(e) sites. 
6.4.2  O2* adsorption 
Molecular oxygen adsorbs with an energy of 4.418 eV and 3.888 eV (relative to gaseous H2 and H2O) 
over Pt(111) and Pt(100) bridge sites, respectively. Over equivalent terrace sites of an unmodified Pt 
NW the adsorption energy of O2* is within 0.1 eV of that calculated over extended surfaces (see 
Figure 6.4b). Over terrace bridge sites of Au/Pt and Ag/Pt NW models, the adsorption energy of O2* 
  a)   b) 
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increases by up to 0.3 eV relative to adsorption on pure Pt NW surfaces (see Figure 6.4b). The latter 
corresponds well with previous reports over an Au decorated Pt NP [126]. 
  
Figure 6.4: Adsorption energy of (a) H*, (b) O2*, (c) O*, (d) OH* and (e) H2O* relative to H2 and H2O in the 
gas phase—without zero point correction and at 0 K, on modified and unmodified Pt surfaces. 
This stabilisation may be due the coupled electronic and geometric factors—modified NWs have less 
surface curvature and undercoordinated Au/Ag atom draws less electrons from near edge surface atoms 
than undercoordinated Pt atoms. Whilst O2* adsorption on Pt NW edge sites has an energy of 3.511 eV, 


























































































CHAPTER 6: Overall ORR Activity over Au and Ag modified Multifaceted Pt Surfaces 
 
--( 113 )-- 
that the energy of O2 in the gas phase relative to H2 and H2O is 5.132 eV, over Ag/Pt NW edge sites 
O2* adsorption is endothermic (see Figure 6.4b). 
6.4.3  O* adsorption 
The adsorption of O* over Pt(111) fcc sites and Pt(100) bridge sites is quite similar [95]. The 
adsorption strength of O* over Pt{111} and Pt{100} terraces is ca. 0.1 eV and 0.2 eV weaker than 
equivalent adsorption on extended surfaces, respectively. Edge modification does not affect the 
adsorption energy over terrace sites by more than 0.2 eV (see Figure 6.4c). Similar to the adsorption 
of O2* over edge sites, over Pt edge sites O* adsorbs significantly more strongly than over Pt{111} 
terraces and modification with Au lowers the adsorption significantly whilst Ag modification result in 
endothermic adsorption of O* (see Figure 6.3c). Whilst intuitively both O2* and O* should adsorb 
more strongly on Ag modified edge than on Au [7,29], this was not the case. This reversed stability 
was not caused by coverage effects (see Table G1.1 in Appendix G), but it may be due to geometric 
and electronic effects. 
6.4.4  OH* and H2O* adsorption 
Adsorption of OH* over terrace and edge sites was also investigated (see Figure 6.4d). The adsorption 
energy over Pt{111} and Pt{100} surfaces corresponded well with adsorption over Pt(111) and 
Pt(100)—the difference in adsorption energy between Pt{111} and Pt{100} sites is ca. 0.8 eV. 
Interestingly, unlike both O2* and O*, the adsorption energy of OH* over Au and Ag modified edge 
sites lies between adsorption energies over M/Pt{111} and M/Pt{100} facets (see Figure 6.4d). This 
interesting result suggests that whilst Au/Pt and Ag/Pt NWs will facilitate OH* exchange, the diffusion 
of O2* and O* from Pt{111} and Pt{100} terrace sites towards the edge might be limited because of 
their weak adsorption on modified edge sites. Similar to OH*, edge modification does not limit H2O* 
exchange between M/Pt{111} and M/Pt{100} facet sites (see Figure 6.4e). 
6.4.5  Diffusion energetics over Au/Pt and Ag/Pt surfaces 
Whilst adsorption energies give a lot of important information regarding the thermodynamics of the 
system, knowledge of the diffusion barriers is critical in understanding and modelling the rates of 
inter-facet species exchange. These have been calculated for H*, O*, OH* and H2O* (see 
Appendix G1)—O2* diffusion barrier were not calculated due to its weak adsorption energy over 
modified edges. Instead O2* diffusion from edge sites toward terrace sites was treated as a barrierless 
process. Table 6.2 presents the calculated diffusion barriers of H*, O*, OH* and H2O* over Au/Pt and 
Ag/Pt NW surfaces.  
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Reactions at edge and near-edge sites are not considered since H*, O* and O2* coverages over 
modified edge sites ought to be low. The adsorption strength of these intermediates at modified edge 
sites is less than -0.16 eV relative to a gas phase reference state. Therefore, the microkinetic model 
data presented herein is only influenced by inter-facet diffusion. 
Table 6.2: Diffusion barrier for inter-facet exchange of ORR intermediates over modified Pt NW edge sites; 
energies corrected for the difference in the adsopriton energy on extended surfaces vs. NW terraces (near-edge). 
 (111) --> edge edge --> (100) 
𝐸𝑎 [eV] Δrxn𝐸 [eV] 𝐸𝑎 [eV] Δrxn𝐸 [eV] 
O2* 
Pt 0.029 -0.906 - 0.376 
PtAu 0.564 0.564 0.000 -1.094 
PtAg 0.782 0.782 0.000 -1.312 
O* 
Pt 0.646 -0.423 0.626 0.316 
PtAu 1.335 1.142 0.118 -1.250 
PtAg 1.620 1.587 0.007 -1.694 
H* 
Pt 0.195 -0.194 0.336 0.059 
PtAu 0.547 0.396 0.179 -0.531 
PtAg 0.823 0.774 0.055 -0.909 
OH* 
Pt 0.119 -0.892 0.681 0.228 
PtAu 0.498 -0.029 0.250 -0.635 
PtAg 0.156 -0.243 0.182 -0.420 
H2O* 
Pt 0.121 -0.139 0.224 0.066 
PtAu 0.017 0.017 0.000 -0.089 
PtAg 0.000 -0.091 0.018 0.018 
 
6.5  ORR activity over multifaceted Au/Pt surface 
Based on calculated adsorption energies and diffusion barriers, modification of Pt NW edges with Au 
should lead to hindered inter-facet exchange of O2* and O* and improved OH* exchange (see 
Table 6.2). The ORR rates over multifaceted Au/Pt NW surfaces were simulated using the SA, BWA 
and QCA microkinetic models. Three multifaceted surface models are considered, i.e. χedge(1.00), 
χedge(0.34) and χedge(0.04). Corrected energetics used in the following microkinetic simulations are 
given in Table E7.4. 
6.5.1  Steady state ORR rates 
The ORR rates from all three multifaceted surface models are presented alongside corresponding 
surface coverages in Figure 6.5 (BWA model) and Appendix G2 (QCA model). From the BWA 
simulated results, it is clear that the effect of inter-facet exchange of ORR intermediate species on the 
reaction rates decreases with relative density of edge sits, i.e. χedge. In χedge(1.00) and χedge(0.34) 
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surface models, the ORR rate from Pt{111} terraces are higher than those from Pt(111) surface in the 
whole temperature range (see Figure 6.5). In the χedge(0.04) model, the effects are much smaller, 
especially at low temperatures. From Au/Pt{100} terraces the ORR rate are higher than from Pt(100) 
above 520 K—this effect is much smaller over the χedge(0.04) model due to limited inter-facet 
cooperation. The coverage of the Pt{100} and the Au/Pt{100} facets with H* adsorbates is higher, 
near 1 ML, compared to the extended Pt(100) surface at low temperatures. This explains their lower 
ORR rates compared to the Pt(100) surface (see Figures 6.5, 5.6 and 5.11). Decreasing the ratio of 
edge to terrace sites leads to improved correspondence between the {100} facets and the Pt(100) 
surface. On the other hand, the higher ORR rates predicted by the QCA model on Au/Pt{100} also 
corresponds well with lower terrace coverage with H* adsorbates (Figure G2.1 in Appendix G). All 
simulations show that edge sites in Au/Pt surfaces are mostly vacant with the largest coverage being 
OH* (10-4 - 10-6 ML). Interesting to note, over Au modified surfaces the ORR rates from Au/Pt{100} 
facet are higher than the rates from Pt(100) and Pt{100} at T > 520 K. 
6.5.2  Reaction pathway analysis 
With regards to reaction pathway, Figure 6.6 presents the pathway analysis generated from BWA 
model results—interesting trends are observed. Over Au/Pt{111} surface the ORR follows the peroxyl 
mechanism (O2* + H* > OOH* > OH* + O*) at low temperatures and at high temperatures OH* 
diffuses from the Pt{100} facet toward the Pt{111} facet where it is hydrogenated to H2O*. The change 
in reaction pathway occurs below 420 K over the χedge(1.00) model and at ca. 460 K over the 
χedge(0.34) model—over the χedge(0.34) at low temperature, up to 30 % of desorbing water from 
Au/Pt{111} diffuses from the Au/Pt{100} facet (see Figure 6.6a and 6.6c). Over the χedge(0.04) 
model the change in reaction pathway is rather interesting; below 460 K the pathway is dominated by 
the peroxyl mechanism. Between 460 K and 700 K a combination of peroxyl, O2* dissociation and 
OH* flow from Au/Pt{100} facet contribute to the ORR from Au/Pt{111} surface—the relative 
contributions change with temperature and the O2* dissociation reaches a maximum of 20 % at 660 K 
(see Figure 6.6e). The reduced contribution of OH* flow from Au/Pt{100} facet to the Au/Pt{111} 
ORR rates is due to reduced edge site density and hence OH* flux; however, OH* flux from 
Au/Pt{100} → Au/Pt{111} onset at a lower temperature than over unmodified Pt surfaces. 
Over the Au/Pt{100} facet the pathway is rather straightforward, O2* dissociates forming O* which 
undergo hydrogenation to OH* intermediates. Water is formed predominantly via the OH*-OH* 
coupling pathway. The contribution of OH* hydrogenation occurs at T > 520 K and is 18 %, 25 % and 
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36 % over the χedge(1.00), χedge(0.34 ) and χedge(0.04 ) multifaceted surface models, respectively 
(see Figure 6.6). The latter model approaches the Pt(100) model behaviour (see Chapter 4). 
 
Figure 6.5: BWA model predicted ORR activity over a multifaceted Au/Pt surface, (a, c, e) H2O evolution rates 
and (b, d, f) surface coverage over Au/Pt{111} facet (—), Au/Pt{100} facet (− − −) and edge sites (∙∙∙∙∙), for a 
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Figure 6.6: BWA model predicted ORR pathway over a multifaceted Au/Pt surface, (a, c, e) over Au/Pt{111} 
facet and (b, d, f) Au/Pt{100} facet; processes on Au/Pt{111} facet (—), Au/Pt{100} facet (− − −)  and 
involving edge species (∙∙∙∙∙). Negative values indicate that the reverse reaction contributes to the H2O evolution 
rate—(a,b) 𝝌𝒆𝒅𝒈𝒆(𝟏. 𝟎𝟎), (c,d) 𝝌𝒆𝒅𝒈𝒆(𝟎. 𝟑𝟒) and (e,f) 𝝌𝒆𝒅𝒈𝒆(𝟎. 𝟎𝟒) models. 
6.5.3  Degree of rate control analysis 
Figure 6.7 present the degree of rate control analysis of the ORR activity from Au/Pt{111} and 
Au/Pt{100} facet of a χedge(0.34) multifaceted surface model. Interpretation of this data is not as 
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terrace types. The ORR from Au/Pt{100} facets, of a χedge(0.34) multifaceted surface, is controlled 
by O* hydrogenation below 420 K and O2* dissociation above 420 K. The diffusion of H* and OH* 
from Au/Pt{100} towards the Au/Pt{111} facet increases the number of vacant sites consequently 
increasing O2 adsorption and dissociation rates. Over Au/Pt{111} facet, the ORR is limited by OH* 
diffusion from Au/Pt{100} to Au/Pt{111} facet. OH*-OH* coupling over Au/Pt{100} seem to inhibit 
the ORR over Au/Pt{111} above 480 K. The latter is expected given that the inter-facet exchange of 
OH* is also dependent on the coverage of Au/Pt{100} with OH* and increasing OH*-OH* coupling 
rate on the Au/Pt{100} facet lowers the OH* coverage. 
 
Figure 6.7: BWA predicted degree of rate control analysis over a 𝝌𝒆𝒅𝒈𝒆(𝟎. 𝟑𝟒) multifaceted Au/Pt surface, H2O 
desorption from (a) Pt{111} and (b) Pt{100}facet as a key reaction; showing {111} facet (—), {100} 
facet (− − −) and over edge (∙∙∙∙∙) processes with significant effect on the ORR rates. 
6.6  ORR activity over multifaceted Ag/Pt surface 
Over Ag modified Pt NW edge sites, the OH* diffusion barriers are the lowest in all three NW models, 
i.e. unmodified, Au and Ag modified models (see Table 6.2). These low diffusion barriers may result 
in further improvements of the activities observed from the Au modified system. As with the Au 
system, the ORR activity over three multifaceted Ag/Pt models has been investigated. The results from 
a BWA model are presented here whilst the QCA results are given in Appendix G3. The ORR rates 
and surface coverages for different multifaceted surface models are presented in Figure 6.8. The 
reaction pathway plots over the different surface models are shown in Figure 6.9. 
6.6.1  Steady state ORR rates 
Based on the BWA model, the H2O evolution rate, over Ag/Pt{111} facets, is higher than over 
Ag/Pt{100} above 480 K and below 720 K on both χedge(1.00) and χedge(0.34) multi-faceted surface 
models. Over the χedge(0.04) model the rate is only marginally higher over Ag/Pt{111} than over 
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models, the ORR rates from Ag/Pt{111} are significantly higher than rates from Pt(111), Pt{111} and 
Au/Pt{111} surfaces (see Figures 5.6a, 6.5a,c,e, and 6.8a,c,e). In contrast, the ORR rate from 
Ag/Pt{100} facets of the χedge(1.00) and χedge(0.34) were significantly lower above 520 K. This 
decrease in ORR rates on Ag/Pt{100} was also seen on the Ag/Pt{111} facet, suggesting that the 
decrease is not caused by the transfer of OH* intermediates to the Ag/Pt{111} facet, rather the 
corresponding decrease in ORR on Ag/Pt{111} is a result of falling ORR rates on Ag/Pt{100}. Similar 
to previous observations (ORR on Pt{100}), the increase in H* coverage toward 1.0 ML is concomitant 
with a sharp decrease in ORR rate. Figure F1.2 shows how the ORR rate on Pt(100) correlates to H* 
coverage. The trend in surface coverage over Ag/Pt{111} and Ag/Pt{100} compares well with that 
predicted over Pt(111) and Pt(100) surfaces, respectively—a ca. 20 K downward shift in the coverage 
trends was predicted over Ag/Pt{111} surface vs. Pt(111) (see Figures 4.2a, 4.6a and 6.8a,c,e). On 
Ag/Pt{100} the H* coverage was higher than on Pt(100) explaining the larger decrease in the ORR 
rates compared to rates on the extended Pt(100) surface. 
Additionally, over Ag/Pt{111} surfaces there is a partial build up in O* coverage at high temperature, 
due to the slow OH*-OH* coupling reaction occurring over Ag/Pt{111} facet. The QCA model 
predicts O* coverage up to 0.4 ML over the χedge(1.00) surface model—this decreased with 
decreasing relative density of edge sites but remained higher than prediction by BWA (see Figure 
G3.1). The ORR rates predicted by the QCA model are quite interesting. From Ag/Pt{100} the ORR 
approximates that from Pt(100) however the rate from Ag/Pt{111} is more than 100x faster than over 
Pt(111) even at the lowest edge site density considered, i.e. χedge(0.04), over the whole temperature 
range (see Figure G3.1). The maximum coverage of the Ag/Pt{100} facet with H* adsorbate was less 
than 0.9 ML in the whole temperature range. 
6.6.2  Reaction pathway analysis 
The ORR pathway over this surface was also investigated and Figure 6.9 presents the predicted results 
based on the BWA model over the three multifaceted surface models. Over Ag/Pt{111}, the ORR 
pathway is completely different to that previously observed over Au/Pt{111}, Pt{111} and Pt(111) 
surfaces. Over the whole temperature range, the ORR proceeds via OH* diffusion (from {100} → 
{111}) and OH* hydrogenation to H2O*. The latter is true for all multifaceted models studied. On the 
other hand, the ORR over Ag/Pt{100} facet follows the OH*-OH* coupling pathway below 480 K 
after which contributions from direct OH* hydrogenation increases to > 50 % (see Figures 6.9b, 
d and e). This is caused by low OH* coverages and high H* coverages, the former limits the OH*-OH* 
coupling rate which depends on the square of the low coverage values. 
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Therefore, the overall ORR pathway over Ag modified multifaceted surfaces presents the highest inter-
facet cooperation even at low temperatures. This cooperation is even evident in the predicted degree 
of rate control behaviour over Ag/Pt{111} and Ag/Pt{100} (see Figure 6.10). The latter facets are 
controlled by the same reaction steps above 500 K. Below this temperature OH* transfer to 
Ag/Pt{111} and O* hydrogenation over Pt{100} limit the ORR rate over Ag/Pt{111} and Ag/Pt{100} 
facets, respectively. Analyses of the QCA generated data suggest a similar reaction pathway from 
Ag/Pt{111}, however from the Ag/Pt{100} facet, OH* hydrogenation plays no role in the H2O* 
formation over the whole temperature range studied. This is because the QCA predicted surface 
coverage with OH* is higher and the coverage with H* does not approach 1.0 ML as is the case in 
BWA results. Therefore, resulting in higher OH*-OH* coupling rates than direct OH* hydrogenation 
rates on the {100} facet. 
6.7  Summary and Discussion 
The ORR activity on modified multi-faceted Pt surfaces has been investigated. Compared to the 
reaction activity and pathway on extended surfaces and unmodified multi-faceted surfaces, edge 
modification can lead to improved ORR activity, particularly on {111} type facets. Figure 6.11a 
presents the comparison of ORR rates predicted by the BWA model on various surfaces at different 
temperatures. 
The ORR rate from Pt(111) surface increases monotonically with temperature between 300 K and 
900 K and remains the lowest compared to other surfaces. On this surface the ORR proceeds via a 
peroxyl pathway up to ca. 500 K from which it follows a dissociative pathway. It is limited by O* 
hydrogenation at low temperatures and O2* dissociation at high temperatures. On multi-faceted Pt 
surfaces the ORR rate from the Pt{111} facet (equivalence of the Pt(111) surface) is almost equal to 
that rate on Pt(111), but only up to 500 K, thereafter the rate on Pt{111} increases exponentially and 
becomes several orders of magnitude higher. With regards to the pathway followed by the ORR on 
this surface, at low temperature the ORR pathway is similar to the pathway on Pt(111) whilst at high 
temperatures, i.e. T > 500 K, the ORR neither follows a peroxyl nor dissociative pathway. Instead, the 
OH* adsorbates diffuse from the Pt{100} facet toward the Pt{111} facet where they are easily 
hydrogenated to H2O*. This behaviour explains the very high ORR rates on this facet at T > 500 K. 
Furthermore, the rate limiting step at T < 500 K is the same as on Pt(111) whilst at T > 500 K, the 
ORR is limited mostly by the inter-facet exchange of OH* and the dissociation of O2* on the adjacent 
Pt{100} facet. 
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Figure 6.8: BWA model predicted ORR activity over a multifaceted Ag/Pt surface, (a, c, e) H2O evolution rates 
and (b, d, f) surface coverage over Ag/Pt{111} facet (—), Ag/Pt{100} facet (− − −) and edge sites (∙∙∙∙∙), for a 
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Figure 6.9: BWA model predicted ORR pathway over a multifaceted Ag/Pt surface , (a, c, e) over Ag/Pt{111} 
facet and (b, d, f) Ag/Pt{100} facet; processes on Ag/Pt{111} facet (—), Ag/Pt{100} facet (− − −) and involving 
edge species (∙∙∙∙∙). Negative values indicate that the reverse reaction contributes to the H2O evolution rate—
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Figure 6.10: BWA predicted degree of rate control analysis over a 𝝌𝒆𝒅𝒈𝒆(𝟎. 𝟑𝟒) multifaceted Ag/Pt surface, 
H2O desorption from (a) Pt{111} and (b) Pt{100}facet as a key reaction; showing {111} facet (—), {100} 
facet (− − −) and over edge (∙∙∙∙∙) processes with significant effect on the ORR rates. 
Modification of edge sites with Au and Ag further improves the ORR rates on {111} type surfaces. 
On both Au/Pt{111} and Ag/Pt{111} facets, the ORR rates are higher than on Pt(111) surface. The 
ORR pathway on these facets is similar, and it involves the diffusion of OH* adsorbates from adjacent 
{100} type facets toward the respective {111} facets where they undergo hydrogenation to H2O*. On 
Ag/Pt{111} facets the ORR has higher rates than on other equivalent {111} type surfaces and also 
proceeds purely via the OH* exchange pathway even at temperatures as low as 360 K. The inter-facet 
exchange rates of OH* adsorbates on both Au and Ag modified systems are higher than on unmodified 
Pt surfaces. According to the BWA model, on Ag/Pt{111} facet, between 520 K and 700 K, the ORR 
rates are higher than on the coupled Ag/Pt{100} facet. The latter is not caused by fast OH* diffusion 
rates from Ag/Pt{100} toward Ag/Pt{111} but the associated depletion of OH* adsorbates on 
Ag/Pt{100} as a result of surface poisoning by H* adsorbates. The ORR on Au/Pt{111} and 
Ag/Pt{111} facets is limited by the inter-facet exchange of OH* adsorbates and O2* dissociation 
occurring on the coupled {100} facets (see Figures 6.7 and 6.10). 
The comparison of ORR rate profiles on the {100} type surfaces is less trivial. This is because of the 
peculiar behaviour of the ORR rate on these surfaces. On the Pt(100) surface the ORR rate increases 
from ca. 103 s-1 at 300 K passing through a maximum at 480 K and then decreasing sharply thereafter 
before increasing again after 540 K (see Figure 6.11). The degree of rate control analysis was able to 
show that on this surface the ORR is controlled by two reactions; O* hydrogenation up to ca. 540 K 
and then O2* dissociation thereafter. This change is due to the extinction of vacant sites as the coverage 
with H* adsorbates increases towards a full monolayer. The sharply decreasing fraction of vacant sites 
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O* and OH* intermediates and a change in the ORR rate limiting step before a complete transition 
after 540 K. An extinction-ignition-extinction behaviour can explain the predicted bimaximal ORR 
rate profile. 
 
Figure 6.11: (a) BWA and (b) QCA predicted ORR rates over various 𝜒𝑒𝑑𝑔𝑒 (1.00) multi-faceted surfaces under 
dry gas compositions (H2:O2 = 2:1) and 1 bar. 
On Pt{100} the ORR rate does not have the same bimaximal feature as the ORR on Pt(100). Instead, 
the ORR rate on this facet starts lower than the rate on Pt(100) at low temperatures and then increase 
monotonically exceeding the rate on Pt(100) at 540 K and then plateaus near 900 K. On this facet the 
ORR pathway is similar to that on Pt(100) if near-edge reactions are omitted. Including the latter 
reactions leads to the participation of near-edge OH*-OH* coupling reactions in the ORR pathway 
however it does not change the net ORR rate (see Figures F2.1, F2.2, 5.9 and 5.12). Due to inter-facet 
connectivity, at low temperatures, H* adsorbates diffuse from Pt{111} toward Pt{100} and as a result 
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Because of this high H* coverage, the ORR rate becomes limited by O2* dissociation at temperatures 
as low as 300 K (cf. 540 K on Pt(100) surfaces). 
Au and Ag modification improves the OH* diffusion rates from {100} facets toward {111} facets and 
lowers the temperature at which this diffusion starts to occur. On Au/Pt{100} the ORR rate profile is 
similar to that on Pt{100}. On the other hand, the ORR rate profile on Ag/Pt{100} resembles that on 
Pt(100) except between 520 K and 700 K where the {100} facet is less active than the {111} facet. 
The latter is due to a higher barrier for H* diffusion from Ag/Pt{111} toward Ag/Pt{100} facet 
compared to other multifaceted surfaces. Figure G4.3 shows that at low temperatures the inter-facet 
diffusion of H* on Ag/Pt surfaces is nearly zero whilst on Au/Pt and Pt multi-faceted surfaces H* 
diffuses from {111} towards {100} at low temperatures and {100} toward {111} at higher 
temperatures. 
6.8  Conclusions 
Inter-facet exchange of ORR intermediates has been investigated over multifaceted Pt surfaces—in 
these simulations it was observed that exchange of OH* between Pt{111} and Pt{100} facets had a 
significant effect on the ORR activity and pathway. At high temperatures the ORR rates from Pt{111} 
facets were higher, and the mechanisms involved the diffusion of OH* from Pt{100} → edge → 
Pt{111} facet. Pt NWs with Ag and Au edges were considered to study their effect on the inter-facet 
mobility of reaction intermediates. First, MD simulations showed Au and Ag atoms are good candidate 
elements for surface modification of Pt NWs. These atoms remain on the surface under thermal 
annealing. However, since neither Au nor Ag prefer the edge sites over terrace sites other treatment 
conditions are needed to prepare model Pt structures with Au and Ag modified edges. 
DFT calculations show that on these modified surfaces the transport of reaction intermediates differs 
greatly from unmodified systems. The OH* diffusion barriers between the {111} and {100} facets of 
Au and Ag modified are lowered significantly compared to pure multi-faceted Pt. On the other hand, 
the diffusion of O2* and O* from either facet to the next is prohibited because of weak adsorption of 
these molecule on Au/Ag edge sites. Interestingly, the diffusion barriers of H* from {100} toward 
{111} facets were higher for Ag modified surfaces than on any other surface studied here. 
Microkinetic simulations show very interesting results. Despite some differences in actual rate 
magnitudes, both QCA and BWA models predict very high ORR rates on {111} facets of modified Pt 
surfaces compared to Pt(111). These high rates are predicted even at low temperatures unlike on 
Pt{111} where improved rates are only seen at high temperatures. 
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The primary objective of this study was to develop an understanding of the nature and extent of inter-
facet cooperation between adjacent Pt{111} and Pt{100} facets and how this influences the ORR 
activity and mechanism over multi-faceted Pt surfaces. Using a combination of DFT calculations and 
microkinetic simulations, an entirely first principles based mechanistic insight into this phenomenon 
was established. Furthermore, various options were explored to positively influence inter-facet 
cooperation. 
The important considerations for this phenomenon are the (1) ORR activity and mobility of its 
intermediates on terrace surfaces, (2) diffusion energetics associated with inter-facet mobility of ORR 
intermediates and (3) energetics associated with reaction steps involving near-edge and edge 
intermediates. The energetics associated with these processes were generated from DFT. Microkinetic 
simulations were than performed to ascertain, in particular, the role of inter-facet mobility of reaction 
intermediates on the ORR activity and pathway. 
Based on DFT calculations, over Pt(111) and Pt(100) surfaces, it can be concluded that most ORR 
intermediates are highly mobile. With the exception of O* on Pt(111) and OH* on Pt(100), the 
diffusion barriers of all ORR intermediates are lower than 0.3 eV. The diffusion of O* on Pt(111) 
involves a transition between an fcc site and an hcp site via a bridge site and has an energy barrier of 
0.597 eV. The large difference in the stability of O* on these adsorption sites is responsible for this 
high diffusion barrier. On Pt(100), the OH* diffusion barrier is 0.548 eV, also high because of the 
difference in the adsorption energy of OH* on bridge and top sites. 
Microkinetic analyses of the ORR process were conducted assuming a gas/solid interface with a 
stoichiometric gas composition, H2:O2 = 2:1. Coverage effects on the adsorption and reaction energies 
were incorporated based on cluster expansion within the Bragg-Williams Approximation (BWA) and 
a Quasi-Chemical Approximation (QCA) methods. From microkinetic simulations, it was shown that 
lateral interactions are extremely important, especially at low temperatures. Excluding the effects of 
lateral interactions in microkinetic simulations results in very low ORR activities, especially at low 
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temperatures, in contradiction with experiments. These low rates are due to the site-blocking effect of 
O* which is predicted to have very high coverages at low temperatures. 
The ORR rates predicted by the BWA and QCA models are in closer agreement with experiments than 
predicted rates in the absence of lateral interactions. Both BWA and QCA predict high ORR activities 
on Pt(100) compared to Pt(111). At low temperatures, the ORR on both Pt(111) and Pt(100) surfaces 
is limited by O* hydrogenation. The high activity on Pt(100) compared to Pt(111) can then be 
explained based on the low activation energy for O* hydrogenation on Pt(100) compared to Pt(111), 
i.e. 0.532 eV vs. 0.969 eV. At high temperatures the high ORR activity on Pt(100) compared to Pt(111) 
can also be explained by the fact that on both surfaces O2* dissociation is rate-limiting and on Pt(100) 
O2* dissociation is more facile. 
The ORR pathway on Pt(111) is temperature dependent and less affected by the method by which 
lateral interactions are incorporated. The peroxyl and dissociative pathways are followed at low and 
high temperature regions, respectively. On Pt(100), the ORR pathway is less sensitive to temperature. 
Furthermore, it follows a dissociative pathway with OH*-OH disproportionation reaction responsible 
for H2O* formation, unlike on Pt(111) where H2O* is formed via OH* hydrogenation. The BWA 
model and kinetic Monte Carlo model predict a mixed OH*-OH* disproportionation – OH* 
hydrogenation process. 
It was postulated that the diffusion of O* from Pt{111} facet toward the Pt{100} and OH* in the 
opposite direction, could provide an alternative ORR pathway on multi-faceted Pt surfaces. Depending 
on the difficulty of this inter-facet exchange, the ORR activity can be higher than on isolated surfaces. 
DFT calculations show that O* diffusion from a Pt{111} facet toward a Pt{100} facet has a highest 
diffusion barrier of 0.646 eV, for the O*(Pt{111} facet, f(1e)) → O*(edge) step, i.e. inter-facet mobility 
limit. On the other hand, OH* diffusion from a Pt{100} to a Pt{111} facet has a highest diffusion 
barrier of 0.991 eV, for the OH*(edge) → OH*(Pt{111} facet) step, i.e. inter-facet mobility limit. 
Lateral interactions at edge sites can lower this barrier by destabilising the adsorption at edge sites. 
Over multi-faceted surfaces the ORR proceeds via a unique pathway way which is temperature 
dependent. Moreover, the ORR rate-limiting reaction steps on Pt{100} and Pt{111} facets differ from 
Pt(100) and Pt(111) surfaces, respectively. On the ORR activity, fast H* mobility leads to a facile flow 
toward Pt{100} facets at low temperatures and toward Pt{111} facets at high temperatures. The former 
leads to low coverage of Pt{100} facets with O* and OH* adsorbates compared to equivalent 
coverages on Pt(100) surfaces—consequently lowering the ORR activity. At the same time, the high 
coverage of Pt{100} facets with H* decreases the fraction of empty sites for O2* dissociation. This is 
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why on Pt{100} the ORR rate is controlled by O2* dissociation. The flow of H* away from Pt{100} 
facets at high temperatures leads to improved O2* dissociation rates and consequently higher ORR 
rates compared to Pt(100). 
On the other hand, at low temperatures the ORR activity, pathway and rate-controlling steps are the 
same on Pt{111} facets as on Pt(111) surfaces. Above 500 K (and slightly lower for QCA models), 
the ORR rate on Pt{111} facets becomes significantly higher than on Pt(111) surfaces. This is due 
OH* diffusion from edge sites toward Pt{111} facets. Consequently, the ORR follows a unique 
pathway in which O2* adsorption, dissociation and O* hydrogenation have insignificant contributions 
in the formation of H2O* on Pt{111}. The ORR activity on Pt{111} facets is then limited by O2* 
dissociation occurring on adjacent Pt{100} facets and the diffusion of OH* adsorbates toward Pt{111} 
facets from Pt{100} facets. 
These results suggest a new catalyst design approach, where the exchange of OH* adsorbates between 
Pt{100} and Pt{111} facets can be manipulated to influence the ORR activity and pathway. Here, 
modification of Pt NW edges with Au and Ag was considered. The Au and Ag modified edge sites 
interact weakly with OH* adsorbates and their interaction with O2* and O* adsorbates is nearly 
endothermic. DFT calculations show that on Au modified Pt NWs the highest diffusion barrier for 
OH* (Au/Pt{100} → Au/Pt{111} flow) is 0.885 eV (cf. 0.991 eV unmodified Pt NWs) and on Ag 
modified Pt NWs the highest diffusion barrier for OH* is 0.603 eV (Au/Pt{100} → Au/Pt{111} flow). 
The highest inter-facet diffusion barriers of O* (Pt{111} → Pt{100} flow) were calculated to be 
1.335 eV and 1.620 eV on Au and Ag modified Pt NWs, respectively. These results are evidence that 
surface modification does not only enable improved diffusion properties but also selectivity. 
Microkinetic simulations based on the above data were conducted to determine the effect of edge 
modification on the ORR activity. The overall conclusions from these simulations is that edge 
modification improves the OH* exchange rate over a wider temperatures range. Modification with Ag 
leads to the highest improvement of the ORR rate on {111} facets whilst modification with Au was 
found to improve the ORR rates on {100} facets more. 
In conclusion, this study has found that inter-facet cooperation improves the ORR rate on individual 
facets of multi-faceted surfaces by enabling reaction intermediate exchange. The OH* diffusion toward 
{111} facets leads to higher rates there and eliminates the need for O2* adsorption, hydrogenation and 
dissociation and perhaps more importantly the need for O* hydrogenation which was found to be rate 
limiting on isolated Pt(111) surfaces. Furthermore, this study demonstrates that by using surface 
modification inter-facet diffusion properties of reaction intermediates can be improved selectively. 
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Whilst this study considers dry conditions, it shows the potential role of inter-facet cooperation in 
reaction kinetics. It is suggested that future studies consider existing developments in modelling ORR 
under electrochemical conditions in order to make more direct comparison to experimental studies. 
Edge modification has the ability to selectively enable inter-facet exchange of some reaction 
intermediates whilst inhibiting others. Therefore, it should be explored in rational catalyst design. It is 
further believed that other reaction systems may also benefit from such rational approaches. This study 
has provided a detailed approach towards a holistic understanding of the ORR process on multi-faceted 
surfaces. Important observations with deep consequences in practical systems have been highlighted. 
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Appendix A: Model optimization 
A1: Bulk optimization 
                               
 
Figure A1.0.1: Parameter optimization fcc bulk platinum Pt; (a) conventional unit cell of fcc bulk Pt, (b) k-point 
grid optimization, (c) kinetic cutoff energy optimization and (d) lattice parameter optmization. 
A2: Slab optimization 
 
Figure A2.1: Optimization of the k-point mesh density necessary for modeling the (a) Pt(111)-p(1x1) and (b) 
Pt(100)-p(1x1) slab surfaces; all energy differences are reported relative to an 18x18x1 k-point mesh; each slab 






















































































No. of grid points
b) 9x9x1
0.039 Å-1
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Figure A2.2: Slab thickness optimization (a) O(fcc)/Pt(111)-p(2x2) and (b) O(bridge)/Pt(100)-p(2x2); a 5x5x1 
k-point grid, 12 Å vacuum gap and 3 relaxed layers [1]. 
Table A2.1: Number of relaxed layers optimization;(a) 6 layered Pt(111)-p(2x2) slab with O on fcc site, 5x5x1 
k-point grid, 400 eV cut-off energy and 3 layers relaxed; (b) 6 layered Pt(100)-p(2x2) slab with O on bridge 
site, 5x5x1 k-point grid, 400 eV cut-off energy and 3 layers relaxed 
No. layers relaxed 
Pt(111)-p(2x2) / O(fcc) 
Thickness: 6 layers; 
k-points: 5x5x1 
Cut-off energy: 400 eV; 
Pt(100)-p(2x2) / O(bridge) 
Thickness: 6 layers; 
k-points: 5x5x1 
Cut-off energy: 400 eV; 
Pt(100)-p(2x2) / O(bridge) 
Thickness: 5 layers; 
k-points: 5x5x1 
Cut-off energy: 400 eV; 
EO,ads [eV/½O2] EO,ads [eV/½O2] EO,ads [eV/½O2] 
1 -1.087  -0.651 
2 -1.130 -0.760 -0.769 
3 -1.130 -0.774 -0.784 
4  -0.778 -0.799 
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A3: Nanowire optimization 
 
Figure A3.1: Adsorption energy of oxygen on a NW edge-bridge site as a function of the Pt{100} terrace length 
 
 
Figure A3.2: Adsorption energy of oxygen on a NW edge-bridge site as a function of the Pt{111} terrace length 
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Appendix B: Adsorption, Diffusion and Lateral interactions 
B1: Additional adsorption structures on Pt surfaces 
 
Figure B1.1: Microstates for OH* adsorption above b(1) sites 
 
 
Figure B1.2: Microstates for OOH* adsorption above b(1) sites 
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B2: Diffusion over surfaces 
Table B2.1: Calculated reaction (ΔE [eV]) and activation (Ediff) energies for diffusion of ORR intermediates 
over Pt(111)-p(4x4) and Pt(100)-p(3x3) surfaces 































































850.7, 520.5, 392.4, 246.5, 213.3, -71.6 
813.3, 498.2, 350.9, 298.2, 201, 95.8  
 
495.6, 408.0, -112.6 
 
2018.2, -128.9, -421.6 
2004.7, -255.4, -420.6 
2046.9, 261.6, -450.3 
 
3637.5, 880.4, 484.5, 355.8, 135.0, -91.7 
3700.1, 688.9, 370.3, 197.9, 192.5, -405.8 
not calculated no barrier 
 
3802.3, 3680.7, 1579.1, 201.4, 162.5, 121.8, 53.8, 34.5,   -79.8 


















































** converges to its dissociated state 
 
486.2, 351.4, 21.1 
 
2201.4, 227.8, -218.6 
 
3668.9, 886.9, 536.2, 128.5, 92.7, 40.3 
3775.3, 794, 407.1, 358.5, 150, -629.2  
**PES relatively flat for top adsorbed OH* 
 
3794.1, 3669.4, 1570.3, 292.8, 193.8, 150.5, 70.6, 49.8,   -105.6 
**PES relatively flat for top adsorbed OH* 
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B3: Pair interactions on Pt(111)-p(4x4) 
This study has considered pairwise interactions between A* and B* adsorbates on Pt(111)-p(4x4) 
surfaces. The following Tables present a selected list of pair-interactions calculated on this surface. 
Microkinetic models consider some of these structures to account for coverage effect on both 
adsorption and activation energies (see Section 2.4). In the Tables below a * next an interaction energy 
indicates that adsorbates in a cell interact equally with their periodic images as a result the energy has 
been halved. 
H – H 
   
0.019 0.006 0.004* 
 
H – O 
   
0.287 0.043 0.034 
 
H – O2 
     
0.087 0.024 0.030 0.009* 0.017* 
 
H – OH 
     
0.016 0.015 0.007 0.004 0.007* 
 
H – H2O 
     
0.023 0.024 0.013* 0.014 0.019 
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H – OOH 
    
0.022 0.027 0.031 0.026 
    
0.040 0.007* 0.080 0.057 
 
O – O 
   
0.257 0.097* 0.022* 
 
O – O2 
    
0.083 0.091 0.030* 0.148 
 
O – OH 
     
0.052 0.013 0.012 0.045 0.027* 
 
O – H2O 
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O - OOH 
    
 
0.344 0.068 0.072 0.068 0.066 
 
OH – OH 
    
-0.221 0.037 0.018 -0.005 
 
OH – O2 
    
 
0.066 0.003 0.060 0.011 0.011 
 
OH – H2O 
    
-0.607 -0.590 -0.048 0.043 
   
 
-0.032 -0.006 0.003  
 
OH – OOH 
   
-0.061 -0.009 -0.018 
   
-0.036 -0.003 -0.036 
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O2 – O2 
    
0.176 0.109 0.110 0.107 
 
O2 – H2O 
    
-0.114 -0.003 0.005* 0.001 
   
 
0.035 -0.002 0.004*  
 
O2 - OOH 
     
-0.144 0.014 0.085 0.057 0.050 
    
 
0.052 0.052 0.060 0.069  
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B4: Pair interactions on Pt(100)-p(3x3) 
The interaction energy between various pairs over a Pt(100)-p(3x3) surface are reported below. These 
have also been used to describe coverage effects in microkinetic models. 
H – H 
    
0.033 0.005 0.013 -0.001 
 
H – O  
    
0.248 0.007 0.154 0.014 
 
H – O2 
    
0.309 0.024 0.179 0.001 
 
H – OH 
    
0.174 0.141 0.003 0.003 
   
 
0.105 0.002 0.002  
 
H – H2O 
    
0.108 -0.002 -0.016 -0.008* 
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O – O  
    
0.619 0.055 0.423 0.082 
 
O – O2 
   
0.057 0.520 0.058 
 
O – OH 
    
0.324 0.414 -0.217 0.000 
   
 
0.328 0.033 0.026  
 
O – H2O 
      
-0.306 -0.008 -0.282 0.028* -0.003* -0.017* 
 
O2 – O2 
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O2 – OH 
    
0.586 0.592 0.005 0.024 
   
 
0.472 0.021 0.014  
 
O2 – H2O 
   
-0.210 -0.203 -0.040 
 
OH – OH 
      
0.245 -0.137 0.334 0.052 0.026 -0.233 
 
OH – H2O 
     
-0.140 -0.157 -0.151 0.205 -0.005 
     
0.049* 0.015* 0.013* -0.606 -0.590 
 
H2O – H2O 
      
-0.280 0.036 0.049* 0.186 0.028* 0.027* 
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B5: Pair interactions on Pt NW edge sites 
Interaction energies between edge adsorbed pairs are presented in Table 5.1 and a corresponding 
structure example given in Figure 5.2. The different structures will not be shown here given that they 
are rather straight forward structures involving co-adsorption between edge-bridge adsorbed 
intermediates as illustrated in Figure 5.2. Edge-edge interactions on modified edges is assumed to be 
the same as equivalent interactions on pure Pt NW edge sites. Given the very low edge coverage over 
these modified surfaces/edges, this assumption is rather reasonable. 
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Appendix C: Calculated Reaction Energetics 
C1: Vibrational analyses 
Table C1.3: Vibrational modes for initial, transtion and final states of different ORR elementary reaction 
over the Pt(111)-p(3x3) surface 




808.8, 489.2, 356.0, 314.2, 232.5, 138.2 
625.1, 490.5, 343.1, 222.9, 126.3, 254.4i 
438.5, 418.0, 385.8, 368.9, 366.5, 349.7 




2271.2, 419.8, 402.7, 383.2, 379.0, 365.7 
1570.2, 614.3, 482.1, 339.8, 239.4, 803.6i 
3599.2, 766.6, 711.8, 386.8, 232.8, 180.0 




3672.3, 2286.0, 926.7, 518.1, 389.3, 369.9, 141.1, 108.9, 84.6 
3656.4, 1657.8, 872.0, 673.9, 473.3, 368.9, 286.6, 128.4, 376.6i 
3731.1, 3621.7, 1563.5, 539.2, 513.8, 174.1, 100.0, 94.2, 75.2 




3701.9, 2244.5, 1259.1, 1178.0, 876.7, 480.3, 450.9, 430.0, 287.1, 279.6, 159.9, 136.5 
3700.9, 1544.5, 1362.7, 835.5, 675.7, 585.9, 499.1, 421.8, 322.9, 178.7, 154.3, 581.3i 
3742.0, 3629.1, 1575.5, 565.9, 489.3, 413.2, 369.1, 354.0, 171.7, 151.7, 99.9, 87.7 




2275.1, 904.4, 541.5, 436.0, 370.0, 357.2, 226.8, 194.8, 130.5 
1376.9, 861.5, 801.7, 509.3, 359.6, 314.5, 207.8, 159.2, 736.1i 
3486.6, 1225.9, 681.3, 571.3, 484.5, 296.4, 135.7, 117.4, 109.5 




3520.9, 1230.3, 693.8, 550.0, 484.1, 290.1, 133.9, 107.6, 93.8 
3584.0, 970.7, 700.7, 550.8, 395.1, 232.6, 156.8, 109.4, 285.1i 
3660.4, 927.6, 521.6, 424.3, 383.4, 375.1, 155.9, 124.5, 81.8 
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Table C1.4: Vibrational modes for initial, transtion and final states of different ORR elementary reaction over 
the Pt(111)-p(3x3) surface 




885.4, 558.2, 428.7, 272.7, 214.2, 96.0 
807.0, 544.6, 404.8, 268.5, 175.5, 92.1i 
504.9, 497.1, 490.6, 484.2, 187.0, 158.6 




1337.1, 1064.2, 505.8, 488.8, 427.5, 160.6 
915.7, 481.4, 410.0, 343.9, 294.2, 1147.1i 
3597.1, 837.7, 711.5, 402.9, 332.1, 145.0 




3594.1, 1312.4, 1056.3, 837.0, 730.0, 473.5, 403.3, 337.2, 162.2 
3573.2, 2162.1, 849.1, 744.3, 404.6, 335.7, 318.6, 153.3, 233.7i 
3564.8, 2244.2, 850.6, 740.1, 403.7, 333.5, 258.7, 191.7, 152.1 




3564.8, 2244.2, 850.6, 740.1, 403.7, 333.5, 258.7, 191.7, 152.1 
3658.9, 1956.0, 866.6, 509.1, 496.5, 285.9, 235.1, 98.1, 162.2i 
3705.1, 3602.0, 1561.4, 570.6, 545.0, 206.8, 101.8, 83.5, 78.0 




3663.1, 3306.3, 1011.6, 957.1, 781.7, 693.6, 424.3, 378.5, 346.5, 300.8, 250.8, 176.0 
3689.3, 1542.2, 1269.3, 845.6, 670.2, 553.7, 492.6, 420.2, 374.6, 182.5, 132.5, 653.6i 
3707.1, 2629.5, 1564.7, 991.6, 696.1, 495.3, 465.3, 430.9, 315.5, 232.5, 160.3, 114.5 
 
C2: Diffusion of ORR intermediates on M/Pt NW surfaces 
The diffusion pathways on modified Pt NWs remains closely similar to the pathways on unmodified 
Pt NWs edges. The difference is in the energetics rather than the pathway folllowed. 
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Appendix D: Development of a Microkinetic Model  
D1: Construction of microkinetic models 
The microkinetic model is constructed in a Python programming language (Python 3.7), utilising 
several libraries which include, NumPy, SciPy and Matplotlib, in an Anaconda distribution. Various 
scripts were generated to (a) read and interpret an input file, (b) calculate kinetic rate constants which 
are temperature and coverage dependent, (c) calculate interaction energies depending on the model 
applied, i.e. BWA or QCA, for SA interaction energy is set to zero, (d) calculate probability of finding 
pairs of neighbours for a given pair of sites in the QCA model, (e) calculate kinetic rates of each step 
in the mechanism given a surface coverage and gas composition and (f) integrate the set of ODEs given 
reaction rates at initial and intermediate coverage states. A Microkinetic class containing various 
functions/methods was defined. 
The model details are presented in Chapter 2 and the implementation above is merely the computation 
of that description. Care needed to be taken given the stiffness of the system and inclusion of lateral 
interactions, especially within the QCA model, resulted increased numerical challenges in the form of 
instability. A beta version of the scripts can be made available on request to the author or supervisor. 
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Appendix E: Microkinetic Model Inputs 
E1: Description of input structure 
In a microkinetic model, each reaction has a number of attributes. These include the identity of the 
initial, transition and final state together with information that describes each state. Here, the input data 
for each reaction has been order into 6 lines each describing an aspect of the reaction, i.e. vibrational 
frequencies, activation energies, etc., and together describing the whole reaction. In the developed 
model, these 6 lines are preceded by a line containing only the string “@!Reaction”. The 6 lines 
together with the preceding string makeup a reaction Subblock. A reaction Block contains an 
appropriate number of Subblocks separated by either an empty or comment (any line staring with ‘#’ 
is considered to be a comment) or a combination of both. The following details describe the contents 
of each line. 
Line 1: Reaction identity and energetics line 
This line has a minimum of 5 cells (entries) separated by a semicolon (;): 
Entry type (units) symbol  description 
1 string  -  name of reaction (no space, e.g. O2_ads_surf_1) 
2 integer  -  reaction number 
3 integer  -  reaction type. Adsorption/desorption = 0, surface reaction = 1 
4 real (eV) Ea,f  activation energy for the forward reaction 
5 real (eV) Ea,r  activation energy for the reverse reaction 
 
If entry 3 equals 0, i.e. for and adsorption/desorption reaction, an additional 7 cells (entries) are 
included. These are described below: 
Entry type (units) symbol  description 
6 real (m2) Asite  area of the adsorption site (geometric area of a catalytic sites) 
7 real (-)  S0  initial sticking probability 
8 real (g.mol-1) Mw  molar mass of an adsorbing molecule 
9 real (-)  σ  symmetry number of the adsorbing molecule 
10 real (kg3.m6) IAIBIC  product of moments of inertia 
11 integer  di  di = 1 for linear molecule and di = 0 for nonlinear molecule 




Line 2: Reaction equation, stoichiometry line 
e.g. 
A* + B* +<>+ C* + D*  | -1 -1 1 1 
for a generic reaction: A* + B* ↔ C* + D* 
E2: Pt(111) input data 
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Line 3: vibrational modes of the initial state (all) [cm-1] 
Line 4: vibrational modes of the transition state (excluding the imaginary model) [cm-1] 
Line 5: vibrational modes of the final state (all) [cm-1] 
Line 6: additional reaction information 
This line has of 10 cells (entries) separated by a semicolon (;): 
Entry type (units) symbol  description 
1 real (-)  αi  BEP scaling factor (proximity factor) 
2 integer  -  QCA parameter: = 2 (dual site) and = 1 (single site), forward 
3  integer  -  QCA parameter: = 2 (dual site) and = 1 (single site), forward 
4 – 10 unassigned entries, always equal to 0 
 
 
E2: Pt(111) input data 
 
@!Reaction 
           
O2_ads_111 1 0 0 0.714 6.82E-20 1 32 2 1.95E-46 1 1.00E+05 
O2 + *1 +<>+ O2*1 | -1 -1 1   
      
1578.3 
           
0.0 
           
897.8 544.6 365.3 228.3 168.1 118.7 
      




           
H2_ads_111 2 0 0 1.052 6.82E-20 1 2 2 4.60E-48 1 1.00E+05 
H2 + *1 +<>+ H*1 | -1 -2 2   
      
4329.6 
           
0 
           
2283.8 375.8 365.9 2283.8 375.8 365.9 
      




           
H2O_ads_111 3 0 0 0.222 6.82E-20 1 18 2 5.8E-141 0 1.00E+05 
H2O + *1 +<>+ H2O*1 | -1 -1 1   
      
3861.3 3743.8 1593.1 
         
0.0 
           
3731.1 3621.7 1563.5 539.2 513.8 174.1 100.0 94.2 75.2 
   




         
O2_diss_111 4 1 0.485 2.244 
     
O2*1 + *1 +<>+ O*1 | -1 -1 2 
     
897.8 544.6 365.3 228.3 168.1 118.7 
    
625.1 490.5 343.1 222.9 126.3 
     
425.3 381.6 380.4 425.3 381.6 380.4 
    
0.20 2 2 0 0 0 0 0 0 0 
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@!Reaction 
         
O_hyd_111 5 1 1.041 0.975 
     
O*1 + H*1 +<>+ OH*1 + *1 | -1 -1 1 1 
   
2271.2 419.8 402.7 383.2 379.0 365.7 
    
1570.2 614.3 482.1 339.8 239.4 
     
3599.2 766.6 711.8 386.8 232.8 180.0 
    
0.49 2 2 0 0 0 0 0 0 0 
 
@!Reaction 
         
OH_hyd_111 6 1 0.215 0.779 
     
OH*1 + H*1 +<>+ H2O*1 + *1 | -1 -1 1 1 
 
3672.3 2286.0 926.7 518.1 389.3 369.9 141.1 108.9 84.6 
 
3656.4 1657.8 872.0 673.9 473.3 368.9 286.6 128.4 
  
3731.1 3621.7 1563.5 539.2 513.8 174.1 100.0 94.2 75.2 
 
0.18 2 2 0 0 0 0 0 0 0 
 
@!Reaction 
           
OH_h-lis_111 7 1 0.630 0.000 
       
H2O*1 + O*1 +<>+ OH*1 | -1 -1 2 
     
3701.9 2244.5 1259.1 1178.0 876.7 480.3 450.9 430.0 287.1 279.6 159.9 136.5 
3700.9 1544.5 1362.7 835.5 675.7 585.9 499.1 421.8 322.9 178.7 154.3 
 
3742.0 3629.1 1575.5 565.9 489.3 413.2 369.1 354.0 171.7 151.7 99.9 87.7 




         
O2_hyd_111 8 1 0.536 0.493 
     
O2*1 + H*1 +<>+ OOH*1 + *1 | -1 -1 1 1 
  
2275.1 904.4 541.5 436.0 370.0 357.2 226.8 194.8 130.5 
 
1376.9 861.5 801.7 509.3 359.6 314.5 207.8 159.2 
  
3486.6 1225.9 681.3 571.3 484.5 296.4 135.7 117.4 109.5 
 




         
OOH_diss_111 9 1 0.036 1.773 
     
OOH*1 + *1 +<>+ OH*1 + O*1 | -1 -1 1 1 
  
3520.9 1230.3 693.8 550.0 484.1 290.1 133.9 107.6 93.8 
 
3584.0 970.7 700.7 550.8 395.1 232.6 156.8 109.4 
  
3660.4 927.6 521.6 424.3 383.4 375.1 155.9 124.5 81.8 
 













E3: Pt(100) input data 
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E3: Pt(100) input data 
@!Reaction 
           
O2_ads_100 1 0 0 1.244 7.87E-20 1 32 2 1.95E-46 1 1.00E+05 
O2 + *0 +<>+ O2*0 | -1 -1 1   
      
1578.3 
           
0.0 
           
885.4 558.2 428.7 272.7 214.2 96.0 
      




           
H2_ads_100 2 0 0 1.377 7.87E-20 1 2 2 4.60E-48 1 1.00E+05 
H2 + *0 +<>+ H*0 | -1 -2 2   
      
4329.6 
           
0 
           
1347.9 1046.2 385.1 1347.9 1046.2 385.1 
      




           
H2O_ads_100 3 0 0 0.294 7.87E-20 1 18 2 5.8E-141 0 1.00E+05 
H2O + *0 +<>+ H2O*0 | -1 -1 1 
       
3861.3 3743.8 1593.1 
         
0.0 
           
3705.1 3602.0 1561.4 570.6 545.0 206.8 101.8 83.5 78.0 
   




         
O2_diss_100 4 1 0.1429 1.587 
     
O2*0 + *0 +<>+ O*0 | -1 -1 2   
    
885.4 558.2 428.7 272.7 214.2 96.0 
    
807.0 544.6 404.8 268.5 175.5 
     
503.2 486.1 139.4 503.2 486.1 139.4 
    
0.09 2 2 0 0 0 0 0 0 0 
 
@!Reaction 
         
O_hyd_100 5 1 0.538 0.867 
     
O*0 + H*0 +<>+ OH*0 + *0 | -1 -1 1 1   
    
503.2 486.1 139.4 1347.9 1046.2 385.1 
    
915.7 481.4 410.0 343.9 294.2 
     
3597.1 837.7 711.5 402.9 332.1 145.0 
    
0.38 2 2 0 0 0 0 0 0 0 
 
@!Reaction 
         
OH_hyd_100 6 1 0.889 0.700 
     
OH*0 + H*0 +<>+ H2O*0 + *0 | -1 -1 1 1 
   
3597.1 837.7 711.5 402.9 332.1 145.0 1347.9 1046.2 385.1 
 
3658.9 1956.0 866.6 509.1 496.5 285.9 235.1 98.1 
  
3705.1 3602.0 1561.4 570.6 545.0 206.8 101.8 83.5 78.0 
 
0.50 2 2 0 0 0 0 0 0 0 
 
@!Reaction 
           
OH_h-lis_100 7 1 0.000 0.518 
       
H2O*0 + O*0 +<>+ OH*0 | -1 -1 2 
     
3663.1 3306.3 1011.6 957.1 781.7 693.6 424.3 378.5 346.5 300.8 250.8 176.0 
3689.3 1542.2 1269.3 845.6 670.2 553.7 492.6 420.2 374.6 182.5 132.5 
 
3707.1 2629.5 1564.7 991.6 696.1 495.3 465.3 430.9 315.5 232.5 160.3 114.5 
0.08 2 2 0 0 0 0 0 0 0 
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E4: Pt NW input data 
@!Reaction   
O2_ads_eb 1 0 0.000 1.621 7.35E-20 1 32 2 1.95E-46 1 1.00E+05 
O2 + *e +<>+ O2*e | -1 -1 1     
         
1578.3 
           
0.0 
           
822.7 580.4 466.3 286.8 222.8 81.4 
      
0 1 1 0 0 0 0 0 0 0 
  
 
@!Reaction   
H2_ads_eb 2 0 0.000 1.495 7.35E-20 1 2 2 4.60E-48 1 1.00E+05 
H2 + *e +<>+ H*e | -1 -2 2 
       
4329.6 
           
0 
           
1345.6 1044.3 382.9 
         
0 2 2 0 0 0 0 0 0 0 
  
 
@!Reaction   
H2O_ads_eb 3 0 0.000 0.360 7.35E-20 1 18 2 5.8E-141 0 1.00E+05 
H2O + *e +<>+ H2O*e | -1 -1 1  
       
3861.3 3743.8 1593.1 
         
0.0 
           
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 
   
0 1 1 0 0 0 0 0 0 0 
  
 
@!Reaction   
O2f(1e)-->O2b(e)  4 1 0.029 1.013 
     
O2*1 + *e +<>+ O2*e + *1 | -1 -1 1 1   
      
808.8 489.2 356.0 314.2 232.5 138.2 
    
833.6 506.0 379.9 231.3 223.2 
     
822.7 580.4 466.3 286.8 222.8 81.4 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Of(1e)-->Ob(e)  5 1 0.646 1.069 
     
O*1 + *e +<>+ O*e + *1 | -1 -1 1 1   
      
425.3 381.6 380.4 
       
502.7 372.9 
        
541.6 468.6 148.6 
       
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Ob(e)-->Ob(0e) 6 1 0.626 0.311 
     
O*e + *0 +<>+ O*0 + *e | -1 -1 1 1   
      
541.6 468.6 148.6 
       
481.2 371.8 
        
503.2 486.1 139.4 
       
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Ht(1e)-->Hb(e)  7 1 0.195 0.416 
     
H*1 + *e +<>+ H*e + *1 | -1 -1 1 1   
      
2283.8 375.8 365.9 
       
1981.7 -170.3 
        
1345.6 1044.3 382.9 
       
0.5 1 1 0 0 0 0 0 0 0 
 
E4: Pt NW input data 
--( 158 )-- 
 
@!Reaction   
Hb(e)-->Hb(0e) 8 1 0.336 0.277 
     
H*e + *0 +<>+ H*0 + *e | -1 -1 1 1   
      
1345.6 1044.3 382.9 
       
2121.8 199.5 
        
1347.9 1046.2 385.1 
       
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
OHt(1e)-->OHb(e)  9 1 0.119 0.991 
     
OH*1 + *e +<>+ OH*e + *1 | -1 -1 1 1   
      
3664.7 934.0 525.6 167.4 111.0 77.2 
    
3637.0 878.3 478.0 375.3 144.9 
     
3669.2 800.9 693.5 419.9 314.3 137.3 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
OHb(e)-->OHb(0e) 10 1 0.681 0.473 
     
OH*e + *0 +<>+ OH*0 + *e | -1 -1 1 1   
      
3669.2 800.9 693.5 419.9 314.3 137.3 
    
3651.0 858.3 508.3 342.8 106.1 
     
3597.1 837.7 711.5 402.9 332.1 145.0 
    




H2Ot(1e)-->H2Ot(e)  11 1 0.121 0.260 
     
H2O*1 + *e +<>+ H2O*e + *1 | -1 -1 1 1   
      
3731.1 3621.7 1563.5 539.2 513.8 174.1 100.0 94.2 75.2 
 
3781.6 3668.5 1578.6 200.5 150.6 70.3 61.1 13.4 
  
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 
 




H2Ot(e)-->H2Ot(0e) 12 1 0.224 0.158 
     
H2O*e + *0 +<>+ H2O*0 + *e | -1 -1 1 1   
      
3731.1 3621.7 1563.5 539.2 513.8 174.1 100.0 94.2 75.2 
 
3781.6 3668.5 1578.6 200.5 150.6 70.3 61.1 13.4 
  
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 
 
0.5 1 1 0 0 0 0 0 0 0 
 
 
@!Reaction   
O2b(e)-->2Ob(e)  13 1 1.189 2.887 
     
O2*e + *e +<>+ O*e | -1 -1 2 
      
822.7 580.4 466.3 286.8 222.8 81.4 
    
687.7 661.4 187.5 86.4 66.5 
     
541.6 468.6 148.6 541.6 468.6 148.6 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
O2b(e)-->Ob(e)+Ob(0e) 14 1 0.642 2.025 
     
O2*e + *0 +<>+ O*e + O*0 | -1 -1 1 1   
      
822.7 580.4 466.3 286.8 222.8 81.4 
    
770.1 516.8 389.2 268.1 170.3 
     
503.2 486.1 139.4 503.2 486.1 139.4 
    
0.5 1 1 0 0 0 0 0 0 0 
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@!Reaction   
O2b(e)-->Ob(e)+Of(1e) 15 1 1.123 2.399 
     
O2*e + *1 +<>+ O*e + O*1 | -1 -1 1 1   
      
822.7 580.4 466.3 286.8 222.8 81.4 
    
769.2 448.9 280.9 222.0 96.3 
     
541.6 468.6 148.6 425.3 381.6 380.4 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Ob(0e)+Hb(e)  16 1 0.664 0.845 
     
H*e + O*0 +<>+ *e + OH*0 | -1 -1 1 1   
      
1345.6 1044.3 382.9 503.2 486.1 139.4 
    
931.2 493.1 471.2 394.5 291.9 
     
3597.1 837.7 711.5 402.9 332.1 145.0 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Ob(e)+Hb(0e) 17 1 0.847 1.089 
     
O*e + H*0 +<>+ OH*e + *0 | -1 -1 1 1   
      
541.6 468.6 148.6 1347.9 1046.2 385.1 
    
948.9 491.1 404.0 268.2 196.0 
     
3674.9 816.2 706.0 422.5 322.6 129.5 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Ob(e)+Ht(1e) 18 1 0.685 1.069 
     
O*e + H*1 +<>+ OH*e + *1 | -1 -1 1 1   
      
541.6 468.6 148.6 2283.8 375.8 365.9 
    
1406.5 689.3 518.9 375.4 259.0 
     
3669.2 800.9 693.5 419.9 314.3 137.3 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Of(1e)+Hb(e)  19 1 1.385 1.026 
      
O*1 + H*e +<>+ *e + OH*1 | -1 -1 1 1   
       
1345.6 1044.3 382.9 425.3 381.6 380.4 
     
1592.5 537.2 492.4 295.5 215.9 
      
3664.7 934.0 525.6 167.4 111.0 77.2 
     
0.5 1 1 0 0 0 0 0 0 0 
 
 
@!Reaction   
OHb(e)+Ht(1e)->H2Ot(e)  20 1 0.922 0.753 
     
OH*e + H*1 +<>+ H2O*e + *1 | -1 -1 1 1   
      
3669.2 800.9 693.5 419.9 314.3 137.3 2283.8 375.8 365.9 
 
3659.5 1425.8 824.1 765.0 466.4 435.0 282.0 116.1 
  
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 
 
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
OHt(1e)+Hb(e)->H2Ot(1e) 21 1 0.662 1.005 
     
OH*1 + H*e +<>+ *e + H2O*1 | -1 -1 1 1   
      
3664.7 934.0 525.6 167.4 111.0 77.2 1345.6 1044.3 382.9 
 
3656.7 1480.8 852.9 689.6 445.7 368.7 262.4 125.3 
  
3731.1 3621.7 1563.5 539.2 513.8 174.1 100.0 94.2 75.2 
 




E4: Pt NW input data 
--( 160 )-- 
@!Reaction   
OHb(e)+Hb(00e)->H2Ot(e)  22 1 1.619 1.271 
     
OH*e + H*0 +<>+ H2O*e + *0 | -1 -1 1 1   
      
3669.2 800.9 693.5 419.9 314.3 137.3 1347.9 1046.2 385.1 
 
3651.6 1900.3 898.4 550.2 446.3 190.8 100.5 47.4 
  
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 
 
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
OHb(00e)+Hb(e)->H2Ot(0e) 23 1 1.049 0.801 
     
OH*0 + H*e +<>+ *e + H2O*0 | -1 -1 1 1   
      
1345.6 1044.3 382.9 3597.1 837.7 711.5 402.9 332.1 145.0 
 
3649.3 1712.6 865.0 602.4 493.3 293.5 239.9 98.6 
  
3705.1 3602.0 1561.4 570.6 545.0 206.8 101.8 83.5 78.0 
 
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
OHb(e)+OHb(00e) 24 1 0.657 0.000 
       
OH*e + OH*0 +<>+ H2O*e + O*0 | -1 -1 1 1 
       
3669.2 800.9 693.5 419.9 314.3 137.3 3597.1 837.7 711.5 402.9 332.1 145.0 
3720.0 1553.9 1264.1 806.2 710.9 526.0 479.3 420.0 370.6 171.1 125.8 
 
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 503.2 486.1 139.4 
0.5 1 1 0 0 0 0 0 0 0 
  
 
@!Reaction   
OHb(e)+OHb(00e) 25 1 0.430 0.000 
       
OH*e + OH*0 +<>+ O*e + H2O*0 | -1 -1 1 1 
       
3669.2 800.9 693.5 419.9 314.3 137.3 3597.1 837.7 711.5 402.9 332.1 145.0 
3713.4 1514.9 1277.2 855.3 655.6 538.1 499.4 415.4 365.2 165.0 132.7 
 
3705.1 3602.0 1561.4 570.6 545.0 206.8 101.8 83.5 78.0 541.6 468.6 148.6 
0.5 1 1 0 0 0 0 0 0 0 
  
 
@!Reaction   
OHb(e)+OHt(1e) 26 1 0.439 0.315 
       
OH*e + OH*1 +<>+ H2O*e + O*1 | -1 -1 1 1 
       
3669.2 800.9 693.5 419.9 314.3 137.3 3664.7 934.0 525.6 167.4 111.0 77.2 
3716.4 3463.7 959.1 841.0 675.5 484.3 435.4 360.9 249.8 144.5 104.1 
 
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 425.3 381.6 380.4 
0.5 1 1 0 0 0 0 0 0 0 
  
 
@!Reaction   
OHbe+OHt1e  27 1 0.000 0.181 
       
OH*e + OH*1 +<>+ O*e + H2O*1 | -1 -1 1 1 
       
3669.2 800.9 693.5 419.9 314.3 137.3 3664.7 934.0 525.6 167.4 111.0 77.2 
3709.5 1528.1 1369.0 823.9 619.9 554.5 532.6 413.3 364.8 168.3 146.1 
 
3731.1 3621.7 1563.5 539.2 513.8 174.1 100.0 94.2 75.2 541.6 468.6 148.6 





OHb(1e)+Ob(e)  28 1 0.446 0.862 
     
OH*1 + O*e +<>+ O*1 + OH*e | -1 -1 1 1 
     
3664.7 934.0 525.6 167.4 111.0 77.2 541.6 468.6 148.6 
 
1404.9 1358.4 611.2 506.2 466.7 372.7 336.5 185.4 
  
425.3 381.6 380.4 3669.2 800.9 693.5 419.9 314.3 137.3 
 




Appendix E: Microkinetic Model Inputs 
--( 161 )-- 
@!Reaction 
 
OHb(e)+Ob(0e) 29 1 0.070 0.158 
     
OH*e + O*0 +<>+ O*e + OH*0 | -1 -1 1 1 
     
3669.2 800.9 693.5 419.9 314.3 137.3 503.2 486.1 139.4 
 
1350.1 1347.1 680.1 538.6 454.9 408.7 394.9 204.6 
  
3597.1 837.7 711.5 402.9 332.1 145.0 541.6 468.6 148.6 
 
0.5 1 1 0 0 0 0 0 0 0 
 
 
E5: Au/Pt NW input data 
@!Reaction   
O2_ads_eb 1 0 0.000 0.151 0.00E+00 1 32 2 1.95E-46 1 1.00E+05 
O2 + *e +<>+ O2*e | -1 -1 1   
        
1578.3 
           
0.0 
           
822.7 580.4 466.3 286.8 222.8 81.4 
      
0 1 1 0 0 0 0 0 0 0 
  
 
@!Reaction   
H2_ads_eb 2 0 0.000 0.314 0.00E+00 1 2 2 4.60E-48 1 1.00E+05 
H2 + *e +<>+ H*e | -1 -2 2   
        
4329.6 
           
0 
           
1345.6 1044.3 382.9 
         
0 2 2 0 0 0 0 0 0 0 
  
 
@!Reaction   
H2O_ads_eb 3 0 0.000 0.205 0.00E+00 1 18 2 5.8E-141 0 1.00E+05 
H2O + *e +<>+ H2O*e | -1 -1 1 
       
3861.3 3743.8 1593.1 
         
0.0 
           
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 
   
0 1 1 0 0 0 0 0 0 0 
  
 
@!Reaction   
O2f(1e)-->O2b(e)  4 1 0.564 0.000 
     
O2*1 + *e +<>+ O2*e + *1 | -1 -1 1 1 
     
808.8 489.2 356.0 314.2 232.5 138.2 
    
833.6 506.0 379.9 231.3 223.2 
     
822.7 580.4 466.3 286.8 222.8 81.4 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
O2b(e)-->O2b(00e)  5 1 0.000 1.094 
     
O2*e + *0 +<>+ O2*0 + *e | -1 -1 1 1 
     
541.6 468.6 148.6    
    
0.0 0.0    
     
541.6 468.6 148.6    
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Of(1e)-->Ob(e)  6 1 1.335 0.193 
     
O*1 + *e +<>+ O*e + *1 | -1 -1 1 1 
     
425.3 381.6 380.4 
       
502.7 372.9 
        
541.6 468.6 148.6 
       
0.5 1 1 0 0 0 0 0 0 0 
E5: Au/Pt NW input data 
--( 162 )-- 
 
@!Reaction   
Ob(e)-->Ob(0e) 7 1 0.118 1.368 
     
O*e + *0 +<>+ O*0 + *e | -1 -1 1 1 
     
541.6 468.6 148.6 
       
481.2 371.8 
        
503.2 486.1 139.4 
       
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Ht(1e)-->Hb(e)  8 1 0.547 0.151 
     
H*1 + *e +<>+ H*e + *1 | -1 -1 1 1 
     
2283.8 375.8 365.9 
       
1981.7 -170.3 
        
1345.6 1044.3 382.9 
       
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Hb(e)-->Hb(0e) 9 1 0.179 0.710 
     
H*e + *0 +<>+ H*0 + *e | -1 -1 1 1 
     
1345.6 1044.3 382.9 
       
2121.8 199.5 
        
1347.9 1046.2 385.1 
       
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
OHt(1e)-->OHb(e)  10 1 0.498 0.527 
     
OH*1 + *e +<>+ OH*e + *1 | -1 -1 1 1 
     
3664.7 934.0 525.6 167.4 111.0 77.2 
    
3637.0 878.3 478.0 375.3 144.9 
     
3669.2 800.9 693.5 419.9 314.3 137.3 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
OHb(e)-->OHb(0e) 11 1 0.250 0.885 
     
OH*e + *0 +<>+ OH*0 + *e | -1 -1 1 1 
     
3669.2 800.9 693.5 419.9 314.3 137.3 
    
3651.0 858.3 508.3 342.8 106.1 
     
3597.1 837.7 711.5 402.9 332.1 145.0 
    




H2Ot(1e)-->H2Ot(e)  12 1 0.017 0.000 
     
H2O*1 + *e +<>+ H2O*e + *1 | -1 -1 1 1 
     
3731.1 3621.7 1563.5 539.2 513.8 174.1 100.0 94.2 75.2 
 
3781.6 3668.5 1578.6 200.5 150.6 70.3 61.1 13.4 
  
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 
 
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction  
H2Ot(e)-->H2Ot(0e) 13 1 0.000 0.089 
     
H2O*e + *0 +<>+ H2O*0 + *e | -1 -1 1 1 
     
3731.1 3621.7 1563.5 539.2 513.8 174.1 100.0 94.2 75.2 
 
3781.6 3668.5 1578.6 200.5 150.6 70.3 61.1 13.4 
  
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 
 
0.5 1 1 0 0 0 0 0 0 0 
Appendix E: Microkinetic Model Inputs 
--( 163 )-- 
E6: Ag/Pt NW input data 
@!Reaction   
O2_ads_eb 1 0 0.067 0.000 0.00E+00 1 32 2 1.95E-46 1 1.00E+05 
O2 + *e +<>+ O2*e | -1 -1 1   
        
1578.3 
           
0.0 
           
822.7 580.4 466.3 286.8 222.8 81.4 
      
0 1 1 0 0 0 0 0 0 0 
  
 
@!Reaction   
H2_ads_eb 2 0 0.441 0.000 0.00E+00 1 2 2 4.60E-48 1 1.00E+05 
H2 + *e +<>+ H*e | -1 -2 2   
        
4329.6 
           
0 
           
1345.6 1044.3 382.9 
         
0 2 2 0 0 0 0 0 0 0 
  
 
@!Reaction   
H2O_ads_eb 3 0 0.000 0.319 0.00E+00 1 18 2 5.8E-141 0 1.00E+05 
H2O + *e +<>+ H2O*e | -1 -1 1 
       
3861.3 3743.8 1593.1 
         
0.0 
           
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 
   
0 1 1 0 0 0 0 0 0 0 
  
 
@!Reaction   
O2f(1e)-->O2b(e)  4 1 0.782 0.000 
     
O2*1 + *e +<>+ O2*e + *1 | -1 -1 1 1 
     
808.8 489.2 356.0 314.2 232.5 138.2 
    
833.6 506.0 379.9 231.3 223.2 
     
822.7 580.4 466.3 286.8 222.8 81.4 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
O2b(e)-->O2b(00e)  5 1 0.000 1.312 
     
O2*e + *0 +<>+ O2*0 + *e | -1 -1 1 1 
     
541.6 468.6 148.6 0.0 0.0 0.0 
    
0.0 0.0 0.0 0.0 0.0 
     
541.6 468.6 148.6 0.0 0.0 0.0 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Of(1e)-->Ob(e)  6 1 1.620 0.034 
     
O*1 + *e +<>+ O*e + *1 | -1 -1 1 1 
     
425.3 381.6 380.4 
       
502.7 372.9 
        
541.6 468.6 148.6 
       








E6: Ag/Pt NW input data 
--( 164 )-- 
@!Reaction   
Ob(e)-->Ob(0e) 7 1 0.007 1.701 
     
O*e + *0 +<>+ O*0 + *e | -1 -1 1 1 
     
541.6 468.6 148.6 
       
481.2 371.8 
        
503.2 486.1 139.4 
       
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Ht(1e)-->Hb(e)  8 1 0.823 0.050 
     
H*1 + *e +<>+ H*e + *1 | -1 -1 1 1 
     
2283.8 375.8 365.9 
       
1981.7 -170.3 
        
1345.6 1044.3 382.9 
       
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
Hb(e)-->Hb(0e) 9 1 0.055 0.964 
     
H*e + *0 +<>+ H*0 + *e | -1 -1 1 1 
     
1345.6 1044.3 382.9 
       
2121.8 199.5 
        
1347.9 1046.2 385.1 
       
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
OHt(1e)-->OHb(e)  10 1 0.156 0.399 
     
OH*1 + *e +<>+ OH*e + *1 | -1 -1 1 1 
     
3664.7 934.0 525.6 167.4 111.0 77.2 
    
3637.0 878.3 478.0 375.3 144.9 
     
3669.2 800.9 693.5 419.9 314.3 137.3 
    
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction   
OHb(e)-->OHb(0e) 11 1 0.182 0.603 
     
OH*e + *0 +<>+ OH*0 + *e | -1 -1 1 1 
     
3669.2 800.9 693.5 419.9 314.3 137.3 
    
3651.0 858.3 508.3 342.8 106.1 
     
3597.1 837.7 711.5 402.9 332.1 145.0 
    




H2Ot(1e)-->H2Ot(e)  12 1 0.000 0.091 
     
H2O*1 + *e +<>+ H2O*e + *1 | -1 -1 1 1 
     
3731.1 3621.7 1563.5 539.2 513.8 174.1 100.0 94.2 75.2 
 
3781.6 3668.5 1578.6 200.5 150.6 70.3 61.1 13.4 
  
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 
 
0.5 1 1 0 0 0 0 0 0 0 
 
@!Reaction    
H2Ot(e)-->H2Ot(0e) 13 1 0.018 0.000 
     
H2O*e + *0 +<>+ H2O*0 + *e | -1 -1 1 1 
     
3731.1 3621.7 1563.5 539.2 513.8 174.1 100.0 94.2 75.2 
 
3781.6 3668.5 1578.6 200.5 150.6 70.3 61.1 13.4 
  
3725.7 3426.7 1561.7 574.2 553.0 227.1 206.7 100.2 48.4 
 
0.5 1 1 0 0 0 0 0 0 0 
Appendix E: Microkinetic Model Inputs 
--( 165 )-- 
E7: Energetics Summary 
 
Table E7.1: Sumary of ORR elementary reactions, rate expressions and energetics calcualted on a Pt(111)-
p(3x3) surface model; energies at 0 K and without zero-point correction. 
# Reaction Rate eqn. Ea,f Ea,r α S0 
1 O2 + * ↔ O2* k1fθ*hpO2
-k1rθO2h 
0.0 0.714 0.0 1.0 




2  0.0 1.052 0.0 1.0 
3 H2O + * ↔ H2O* k3fθ*hpH2O
-k3rθH2Oh 
0.0 0.222 0.0 1.0 
       
4 O2* + * ↔ 2O* k4fθO2hθ*h-k4rθOh
2  0.485; 2.244 0.20  
5 O* + H* ↔ OH* + * k5fθOhθHh-k5rθOHhθ*h 1.041; 0.975 0.49  
6 OH* + H* ↔ H2O* + * k6fθOHhθHh-k6rθH2Ohθ*h 
0.215; 0.779 0.18  
7 OH* + OH* ↔ O* + H2O* k7fθOHh
2 -k7rθOhθH2Oh 
0.630; 0.000 0.89  
8 O2* + H* ↔ OOH* + * k8fθO2hθHh-k8rθOOHhθ*h 
0.536; 0.493 0.46  
9 OOH* + * ↔ O* + OH* k9fθOOHhθ*h-k9rθOhθOHh 0.036; 1.773 0.02  
 
Table E7.2: Sumary of ORR elementary reactions, rate expressions and energetics calcualted on a Pt(100)-
p(3x3) surface model; energies at 0 K and without zero-point correction 
# Reaction Rate eqn. Ea,f Ea,r α S0 
1 O2 + * ↔ O2* k1fθ*spO2
-k1rθO2s 
0.0 1.244 0.00 1.0 




2  0.0 1.377 0.00 1.0 
3 H2O + * ↔ H2O* k3fθ*spH2O
-k3rθH2Os 
0.0 0.294 0.00 1.0 
       
4 O2* + * ↔ 2O* k4fθO2sθ*s-k4rθOs
2  0.143 1.587 0.09  
5 O* + H* ↔ OH* + * k5fθOsθHs-k5rθOHsθ*s 0.538 0.867 0.38  
6 OH* + H* ↔ H2O* + * k6fθOHsθHs-k6rθH2Osθ*s 
0.886 0.700 0.50  
7 OH* + OH* ↔ O* + H2O* k7fθOHs
2 -k7rθOsθH2Os 
0.000 0.518 0.08  
8 O2* + H* ↔ OOH* + * k8fθO2sθHs-k8rθOOHsθ*s 
    








E7: Energetics Summary 
--( 166 )-- 
Table E7.3: Sumary of ORR elementary reactions, rate expressions and energetics calcualted on mult-faceted 
Pt NW surfaces; energies at 0 K and without zero-point correction and have been corrected such that they 
represent a NW model with Pt(111) and Pt(100) facets instead of Pt{111} and Pt{100} facets. The h, s and e 
coverage subscripts in column 3 refere to coverage on {111}, {100} and edge sites, respectively. 
# Reaction Rate eqn. Ea,f Ea,r α S0 
1 O2 + * ↔ O2* k1fθ*epO2
-k1rθO2e 
0 1.621 0.0 1.0 




2  0 1.495 0.0 1.0 
3 H2O + * ↔ H2O* k3fθ*epH2O
-k3rθH2Oe 
0 0.360 0.0 1.0 
       
4-6 O2* + * ↔ 2O* k4fθO2eθ*e-k4rθOe
2  1.189 2.887 0.5  
  k5fθO2eθ*s-k4rθOeθOs 
0.642 2.025 0.5  
  k6fθO2eθ*h-k4rθOeθOh 
1.123 2.399 0.5  
       
7-10 O* + H* ↔ OH* + * k7fθOsθHe-k7rθOHsθ*e 0.664 0.845 0.5  
  k8fθOeθHs-k8rθOHeθ*s 0.847 1.089 0.5  
  k9fθOeθHh-k9rθOHeθ*h 0.685 1.069 0.5  
  k10fθOhθHe-k10rθOHhθ*e 1.385 1.026 0.5  
     0.5  
11-14 OH* + H* ↔ H2O* + * k11fθOHeθHh-k11rθH2Oeθ*h 
0.922 0.753 0.5  
  k12fθOHhθHe-k12rθH2Ohθ*e 
0.662 1.005 0.5  
  k13fθOHeθHs-k13rθH2Oeθ*s 
1.619 1.271 0.5  
  k14fθOHsθHe-k14rθH2Osθ*e 
1.049 0.801 0.5  
       
15-18 OH* + OH* ↔ O* + H2O* k15fθOHeθOHs-k15rθOsθH2Oe 
0.657 0.000 0.5  
  k16fθOHeθOHs-k16rθOeθH2Os 
0.430 0.000 0.5  
  k17fθOHeθOHh-k17rθOhθH2Oe 
0.439 0.315 0.5  
  k18fθOHeθOHh-k18rθOeθH2Oh 
0.000 0.181 0.5  
       
19-20 OH* + O* ↔ O* + OH* k19fθOHhθOe-k19rθOhθOHe 0.446 0.862 0.5  
  k20fθOHeθOs-k20rθOeθOHs 0.070 0.158 0.5  
     0.5  
21 O2* + * ↔ * + O2* k21fθO2hθ*e-k21rθ*hθO2e 
0.029 1.013 0.5  
       
22-23 O* + * ↔ * + O* k22fθOhθ*e-k22rθ*hθOe 0.646 1.069 0.5  
  k23fθOeθ*s-k23rθ*eθOs 0.626 0.311 0.5  
       
24-25 H* + * ↔ * + H* k24fθHhθ*e-k24rθ*hθHe 0.195 0.416 0.5  
  k25fθHeθ*s-k25rθ*eθHs 0.336 0.277 0.5  
       
26-27 OH* + * ↔ * + OH* k26fθOHhθ*e-k26rθ*hθOHe 0.119 0.991 0.5  
  k27fθOHeθ*s-k27rθ*eθOHs 0.681 0.473 0.5  
       
26-27 H2O* + * ↔ * + H2O* k26fθH2Ohθ*e-k26rθ*hθH2Oe 
0.121 0.260 0.5  
  k27fθH2Oeθ*s-k27rθ*eθH2Os 
0.224 0.158 0.5  
 
 
Appendix E: Microkinetic Model Inputs 
--( 167 )-- 
Table E7.4: Sumary of ORR elementary reactions, rate expressions and energetics calcualted on Au modified 
mult-faceted Pt NW surfaces. Activation energies at 0 K and without zero-point correction and have been 
corrected such that they represent a NW model with Pt(111) and Pt(100) facets instead of Pt{111} and Pt{100} 
facets. To be used with data in Tables E7.1 and E7.2 in microkinetic analysis. The h, s and e coverage subscripts 
in column 3 refere to coverage on {111}, {100} and edge sites, respectively. 
# Reaction Rate eqn. Ea,f Ea,r α S0 
1 O2 + * ↔ O2* k1fθ*epO2
-k1rθO2e 
0 0.151 0.0 1.0 




2  0 0.314 0.0 1.0 
3 H2O + * ↔ H2O* k3fθ*epH2O
-k3rθH2Oe 
0 0.205 0.0 1.0 
       
21 O2* + * ↔ * + O2* k21afθO2hθ*e-k21arθ*hθO2e 
0.564 0.000 0.5  
  k21bfθO2hθ*e-k21brθ*hθO2e 
0.000 1.094   
       
22-23 O* + * ↔ * + O* k22fθOhθ*e-k22rθ*hθOe 1.335 0.193 0.5  
  k23fθOeθ*s-k23rθ*eθOs 0.118 1.368 0.5  
       
24-25 H* + * ↔ * + H* k24fθHhθ*e-k24rθ*hθHe 0.547 0.151 0.5  
  k25fθHeθ*s-k25rθ*eθHs 0.179 0.710 0.5  
       
26-27 OH* + * ↔ * + OH* k26fθOHhθ*e-k26rθ*hθOHe 0.498 0.527 0.5  
  k27fθOHeθ*s-k27rθ*eθOHs 0.250 0.885 0.5  
       
26-27 H2O* + * ↔ * + H2O* k26fθH2Ohθ*e-k26rθ*hθH2Oe 
0.017 0.000 0.5  
  k27fθH2Oeθ*s-k27rθ*eθH2Os 













E7: Energetics Summary 
--( 168 )-- 
Table E7.5: Sumary of ORR elementary reactions, rate expressions and energetics calcualted on Ag modified 
mult-faceted Pt NW surfaces. Activation energies at 0 K and without zero-point correction and have been 
corrected such that they represent a NW model with Pt(111) and Pt(100) facets instead of Pt{111} and Pt{100} 
facets. To be used with data in Tables E7.1 and E7.2 in microkinetic analysis. The h, s and e coverage subscripts 
in column 3 refere to coverage on {111}, {100} and edge sites, respectively. 
# Reaction Rate eqn. Ea,f Ea,r α S0 
1 O2 + * ↔ O2* k1fθ*epO2
-k1rθO2e 
0.067 0.0 0.0 1.0 




2  0.441 0.0 0.0 1.0 
3 H2O + * ↔ H2O* k3fθ*epH2O
-k3rθH2Oe 
0.0 0.319 0.0 1.0 
       
     0.5  
21 O2* + * ↔ * + O2* k21fθO2hθ*e-k21rθ*hθO2e 
0.782 0.000 0.5  
  k21bfθO2hθ*e-k21brθ*hθO2e 
0.000 1.312 0.5  
       
22-23 O* + * ↔ * + O* k22fθOhθ*e-k22rθ*hθOe 1.620 0.034 0.5  
  k23fθOeθ*s-k23rθ*eθOs 0.007 1.701 0.5  
       
24-25 H* + * ↔ * + H* k24fθHhθ*e-k24rθ*hθHe 0.823 0.050 0.5  
  k25fθHeθ*s-k25rθ*eθHs 0.055 0.964 0.5  
       
26-27 OH* + * ↔ * + OH* k26fθOHhθ*e-k26rθ*hθOHe 0.156 0.399 0.5  
  k27fθOHeθ*s-k27rθ*eθOHs 0.182 0.603 0.5  
       
26-27 H2O* + * ↔ * + H2O* k26fθH2Ohθ*e-k26rθ*hθH2Oe 
0.000 0.091 0.5  
  k27fθH2Oeθ*s-k27rθ*eθH2Os 
0.018 0.000 0.5  
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E8: Near-edge ORR energetics 
 
Figure E8.1: O2 dissociation PES at edge and near-edge sites via (a) O2b(e) → 2Ob(e), (b) O2b(e) → 2Ob(0e) and (c) 
O2b(e) → Ob(e) + Of(1e) 
 
Figure E8.2: O hydrogenation PES at edge and near-edge sites via (a) Ob(00e) + Hb(e) → OHb(00e), 
(b) Ob(e) + Hb(00e) → OHb(e), (c) Ob(e) + Ht(1e) → OHb(e)  and (d) Of(1e) + Hb(e) → OHb(1e) 
 
Figure E8.3: OH hydrogenation PES at edge and near-edge sites via (a) OHb(e) + Ht(1e) → H2Ot(e), 
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Figure E8.4: OH coupling (or reverse O hydrolysis) PES at edge and near-edge sites via (a) OHb(e) + OHb(00e) → 
H2Ot(e) + Ob(00e), (b) OHb(e) + OHb(00e) → H2Ot(0e) + Ob(e), (c) OHb(e) + OHt(1e) → H2Ot(e) + Of(1e), 
(d) OHt(e) + OHb(1e) → H2Ot(e) + Of(1e) and (e) OHb(e) + OHt(1e) → H2Ot(1e) + Ob(e) 
 
Figure E8.5: H transfer between edge and near edge O/OH intermediates PES at edge and near-edge sites via 
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Appendix F: ORR on Pt surfaces 
F1: ORR activity over Pt(111) and Pt(100) 
 
Figure F1.1: H2O coverage on Pt(111) surface, black under dry conditions (H2:O2 = 2:1 and 1 bar) and green 
under moist conditions (H2:O2 = 2:1 and 1 bar + 0.46 bar H2O) by SA (—), BWA (− − −) and QCA (∙∙∙∙∙) 
microkinetic models at various temperatures. 
 
Figure F1.2: Effect of the adsorption energy of H2 on the ORR rate (solid lines) and coverage of Pt(100) with 
H* adsorbates (dashed lines); black profiles correspond to the calculated case, i.e. -1.377 eV/H2. BWA model 





























































F2: ORR activity on multi-faceted Pt surfaces 
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F2: ORR activity on multi-faceted Pt surfaces 
F2.1 Effects of edge reaction events on ORR rate and pathway 
           
 
Figure F2.1: Effect of inter-facet diffusion only on the ORR rate (sky blue profile in (a)) and pathway on 
multifaceted Pt surfaces, (b) over Pt{111} facet and (c) over a Pt{100} facet. Based on a BWA and a 
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Figure F2.2: Effect of inter-facet diffusion only on the ORR rate (sky blue profile in (a)) and pathway on 
multifaceted Pt surfaces, (b) over Pt{111} facet and (c) over a Pt{100} facet. Based on a BWA and a 
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F2: ORR activity on multi-faceted Pt surfaces 
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Figure F2.3: Effect of inter-facet diffusion only on the ORR rate (sky blue profile in (a)) and pathway on 
multifaceted Pt surfaces, (b) over Pt{111} facet and (c) over a Pt{100} facet. Based on a BWA and a 
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Figure F2.4: SA model predicted ORR activity over a multifaceted Pt surface, (a, c) H2O evolution rates and (b, 
d) surface coverage over Pt{111} facet (—), Pt{100} facet (− − −) and edge sites (∙∙∙∙∙), for a χedge(0.34) model 
































































































F2: ORR activity on multi-faceted Pt surfaces 
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Figure F2.5: SA model predicted ORR pathway over a multifaceted Pt surface , (a, c) over Pt{111} facet and 
(b, d) Pt{100} facet; processes on Pt{111} facet (—), Pt{100} facet (− − −)  and involving edge species (∙∙∙∙∙), 
for a χedge(0.34) model (a, b) and χedge(0.04) model (c, d). Negative values indicate that the reverse reaction 
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Figure F2.6: QCA model predicted ORR activity over a multifaceted Pt surface, (a, c) H2O evolution rates and 
(b, d) surface coverage over Pt{111} facet (—), Pt{100} facet (− − −) and edge sites (∙∙∙∙∙), for a χedge(0.34) 







































































































F2: ORR activity on multi-faceted Pt surfaces 
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Figure F2.5: QCA model predicted ORR pathway over a multifaceted Pt surface , (a, c) over Pt{111} facet and 
(b, d) Pt{100} facet; processes on Pt{111} facet (—), Pt{100} facet (− − −)  and involving edge species (∙∙∙∙∙), 
for a χedge(0.34) model (a, b) and χedge(0.04) model (c, d). Negative values indicate that the reverse reaction 
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Appendix G: ORR on modified multi-faceted Pt surfaces 
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Figure G1.1: Adsorption energies of O2*, O*, H*, OH* and H2O* on modified and unmodified Pt NW 
surfaces; energies are reported relative to H2O and H2 gases. 
 
Table G1.1: Comparison between adsorption energy of O on edge-bridge sites of modified and 
unmodified Pt NWs at different edge coverages.  
 















Clean [eV] -751.95 -376.73 -753.61 -381.75 -763.55 -381.66 
O/EB [eV] -756.59 -375.89 -758.68 -380.47 -770.17 -388.25 



































































G2: ORR activity and pathway analysis (QCA model) on Au/Pt NW 
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Figure G2.1: QCA model predicted ORR activity over a multifaceted Au/Pt surface, (a, c, e) H2O evolution 
rates and (b, d, f) surface coverage over Au/Pt{111} facet (—), Au/Pt{100} facet (− − −) and edge sites (∙∙∙∙∙), 








































































































































Appendix G: ORR on modified multi-faceted Pt surfaces 
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Figure G2.2: QCA model predicted ORR pathway over a multifaceted Au/Pt surface , (a, c, e) over Au/Pt{111} 
facet and (b, d, f) Au/Pt{100} facet; processes on Au/Pt{111} facet (—), Au/Pt{100} facet (− − −)  and involving 
edge species (∙∙∙∙∙). Negative values indicate that the reverse reaction contributes to the H2O evolution rate—
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G3: ORR activity and pathway analysis (QCA model) on Ag/Pt NW 
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Figure G3.1: QCA model predicted ORR activity over a multifaceted Ag/Pt surface, (a, c, e) H2O evolution 
rates and (b, d, f) surface coverage over Ag/Pt{111} facet (—), Ag/Pt{100} facet (− − −) and edge sites (∙∙∙∙∙), 








































































































































Appendix G: ORR on modified multi-faceted Pt surfaces 
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Figure G3.2: QCA model predicted ORR pathway over a multifaceted Ag/Pt surface , (a, c, e) over Ag/Pt{111} 
facet and (b, d, f) Ag/Pt{100} facet; processes on Ag/Pt{111} facet (—), Ag/Pt{100} facet (− − −)  and involving 
edge species (∙∙∙∙∙). Negative values indicate that the reverse reaction contributes to the H2O evolution rate—
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G4: Overall ORR analysis comparison of different surfaces. 
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G4: Overall ORR analysis comparison of different surfaces. 
 
Figure G4.1: Comparison of the surface coverage predicted by the BWA model on different surface models of 
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Figure G4.2: Comparison of the surface coverage predicted by the QCA model on different surface models of 







































































































G4: Overall ORR analysis comparison of different surfaces. 
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Figure G4.3: Ratio of the (a) H2 adsorption rates on {111} facet (triangles) and {100} facet (squares), and the 
(b) H* diffusion rates from {111} → edge (triangles) and edge → {100} (squares) to the net desorption rate of 
H2O over the χedge(1.00) model based on BWA simulations. 
 
Figure G4.4: Ratio of the (a) H2 adsorption rates on {111} facet (triangles) and {100} facet (squares), and the 
(b) H* diffusion rates from {111} → edge (triangles) and edge → {100} (squares) to the net desorption rate of 
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Appendix H: kinetic Monte Carlo model 
H1: ORR from Pt(111) and Pt(100) surfaces 
        
Figure H1.1: kinetic Monte Carlo simulations of the ORR from Pt(111)-(20x20) cell at 1 bar (H2:O2 = 2:1) dry 
conditions and random number generator seeding constants of 135 and 246. (a-c) ORR rate convergence with 
time at 400 K, 600 K and 800 K. And also napshots of last lattice state at (d) 400 K, (e) 600 K and (f) 800 K. 























































H1: ORR from Pt(111) and Pt(100) surfaces 
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Figure H1.2: kinetic Monte Carlo simulations of the ORR from Pt(100)-(20x20) cell at 1 bar (H2:O2 = 2:1) dry 
conditions and random number generator seeding constants of 135 and 246. (a-c) ORR rate convergence with 
























































Appendix I: Molecular Dynamics Simulations 
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Appendix I: Molecular Dynamics Simulations 
 
Table 5: Sutton-Chen potential parameters52 
 ϵ (meV) a (Å) n m c 
Pt -Pt 19.768 3.920 10 8 34.428 
Au – Au 12.896 4.080 10 8 34.428 
Ag – Ag 2.533 4.090 12 6 145.658 
Pd - Pd 4.126 3.890 12 7 108.526 
 
Glossary 
All symbols and scripts are described before and immediately after use. Below is a limited list of some 
of the acronyms and terms appearing in this work. All terms are discussed/described least once, on 
first appearance. 
GHG   Green House Gas 
PEMFCs  Proton Exchange Membrane Fuel Cells 
ORR   Oxygen Reduction Reaction 
HOR   Hydrogen Oxidation Reaction 
Polarisation  Deviation of cell potential from theoretical potential 
Overpotential  difference between operating potential and theoretical potential 
NWs   Nanowires 
NPs   Nanoparticles 
Mesoporous  submicron pore structures 
RDE   Rotating Disk Electrode 
MEA   Membrane Electrode Assembly 
OCS*   Oxygen-Containing-Species adsorbed on a catalyst surface 
DFT   Density Functional Theory 
Inter-facet exchange transport of reaction intermediates between difference/adjacent facets 
Intra-facet exchange transport/mobility of reaction intermediates within a given facet 
Multifaceted  with multiple surface types 
TISSE   Time independent Schrodinger Equation 
HF   Hatree-Fock 
a priori   known from theory 
LDA   Local Density Approximation 
H1: ORR from Pt(111) and Pt(100) surfaces 
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GGA   Generalised Gradient Approximation 
SCF   self-consistent-field loop (iterative procedure) 
PES   potential energy surface 
MKM   microkinetic model 
TOF   turn over frequency umber of molecules consumed per second per site 
SA   Single site approximation, coverage independent microkinetic model 
BWA   Bragg-Williams-Approximation 
QCA   Quasi-Chemical Approximation 
Lateral interactions repulsion/attraction between co-adsorbed intermediates 
kMC   kinetic Monte Carlo 
DMC   dynamic Monte Carlo 
LG   Lattice gas 
BEP Brønsted–Evans–Polanyi principle, describes the scaling between activation and 
reaction energy 
ML   monolayer 
near-edge sites sites adjacent to the edge but not on the edge row 
edge sites  sites along the edge atomic row 
terrace sites  sites not immediately adjacent to the edge atomic row but on the terraces 
DRC   degree of rate control 
CHE   chemical hydrogen electrode 
SHE   standard hydrogen electrode 
RHE   relative hydrogen electrode  
MD   molecular dynamics 
 
 
